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PEEP ACB 


No dei>sriment of soienoe Ima prDl»aUy receivod mofo 
atteution from soieotific writers than Mechanics. There are 
numerous treatises on this snbject in all the languages of the 
civilised world, adapted, appaientlj, to suit the iniellectttal 
and pecuniary means of all classes, and indnding the costly 
quarto and bulky octavo for the advaneed mathematical 
student, as well as the slzpenqy catediism for the nse of 
children. Between these two extremes, bocks on the sntijeot 
are innumerable. In adding one more to ike numberi tbe 
writer does not feel any apology to be necocsary^ beeanse^ in 
the first place, be is not aware that any other tfsatiMi with 
tbe same quantity of matter, and with so many engravings, 
IS to be had at so low a price; and, secondly, if he has 
approached his subject wHh a proper appreeiarioB of t]jie 
pr%ne%pU$ upon which mechanioal srience is based, he can 
scarcely fail to convey to the diligent and attentive reader 
Some idea of their grandeur, \)readtb, and geaeraliQr. 

In every scientific work where principles are fairly laid 
ont, the reader can supply facts and ilkstrarions for himsslf ; 
and he may take it as tbe test of his progress, i^ while 
thinking of the principle, facts rise spontaneously in his mind 
to illustrate it ; or while exanuning facta, Im deadly per^ 
ceive the operation of the governing priddple. « ^ , 


BaenoBa Piacb, Airmui.i. SovAaBr 


O.T. 



mXBM TO THE SECOND EDITION. 


Thb fliile of Uie Fftat Edition & this Work, consisting of 
7»000 copies, within the space of two jears^ is a sufficient proof 
that there was a demand for a cheap popular treatiso on 
Mechanics, in which the peculiar difficulties of the subject 
should be fidrly met instead of being slurred oyer ; and, as 
far as could be done with the merest elements of Mathe- 
matios, made intelligible to the non-professional reader. 

The brevity of the thif^^and fourth parts, devoted to 
Hydrostatics and Hydrodynamics, has been complained of. 
This could have been remedied by one of two methods 
either by encroaching on the space devoted to the eonsidera- 
tton of Statics and Dynamics, or by extending this shilling 
volume beyond seven sheets, thereby making the price two 
sfiillings. The writer considers that the adoption of either of 
these methods would have greatly injured the utility of the 
work. 

The work has been carefully read for this Second Edition, 
which has been etereotyped. It is hoped that no material 
errora will he found In it to detract in the slightest degree from 
that success which the writer cordially wishes may attend 
the spirited Publis^pr who is confribnting so nobly to the 
great oauao of popular edneadon. 

C. T. 

IteoroBp pLACB, AumiiLL ^aoAmBv 
in Mv. 1851. 
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MECHANICS. 


Paut I— statics. 


L ON STATIOAL OR PUKSSUJtCS. 

1. A BODY is ^aid to bo iu equilibrium 'H’bcii tlie forvoB 
^\hicll ^act upon it mutually counUu’balance eacli other, oi 
hIipii they are counterbalanced by some passive force or re- 
bibtnnce. Thus a body suspended from the end of a thread 
is in equilibrium, becau 2 >e the attraction of gravitation, which 
woidd cau^o it to fill, is counterbalanced by the losistanco 
of the thread, and by that of the point of suspension. A 
body may be iu equilibrium without any apparent resistance. 
Tliii') a fish may be in oquiltbrium in the water, a balloon in 
the air ; but in such ca^'Cs the weight which would cause the 
fjsl) to sink, or the balloon to fall, is exactly eountorbabinecd 
by other forces, wdiicli will be considered hereafter. "SVe 
may, howc\cr, reganl all billies which appear to us to bo 
at resty as being actually in a state of equilibrium^ or equally 
balanced betw een or among forces which destroy each other. 

2. The conditions of equilibrium are determined by the 
science of Statics* as regards solids ; and by ilydmstatics^i 
as regards flui<K. The laws which determine the motions of 
solids, fonn the science of Dynamics ;% while the luws of 
fluids in motion belong to Hydrodynqynics. These four 
divisions form the science of Mlcuanics§ in its widest 
sense ; that is, the science of forces^ producing either rest or 
motion. 

* From erardc, standing still. t From {aStuq, water, and frrarbs, 
t From bvvafUQ, force. • I From a roachtne, 

Ueekwnkt. 
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P0RCK8, HOW REPRESE9TCD. 


a. Forces tliat are balanced, so as to produce rcr/, are 
called 9UiAe€d forces or preuuret^ to distinguish them from 
<»cceUrating^ or retarding forces ; t. e. such 
Rs are producing motion^ or a change in tlie direction or velocity 
of motion. This distinction being wholly artificial, and made 
for the purpose of facilitating studj^ must not mislead the stu- 
dent into the idea that these are differeut kinde of forces ; for 
the same force may act in any of these modes ; it may some- 
times be a statical, and sometimes nn accelerating force ; but as 
the consideration of forces wlien balanced, is much more simple 
than that of forces in motion, it is convenient to separate the 
former, and to confine our attention in the first instance to 
them, or rather, to regard all forces in a statical point of view. 

4. Statical forces or prtssures can, of course (like other 
fjuantities or magnitudes), be compared only with each other, 
but the ratio between any two qti«ui titles may bo represented 
by the ratio between two other quantities, however different 
in Lind from the first two ; thus, two pressures may have 
tlio same ratio as two lines, or two surfaces, or two bulks, 
or two times, or two numbers ; and these last are found the 
most convenient class of magnitudes by which to represent 
^10 ratios of all others. Now, when we represent magnitudes 
of any kind by numbers, we in fact , compare them with 
some fixed or standard roagnitddo of the same kind, w hich 
we represent by the number 1 : thus, the units commonly 
used for comparing length*^ are inches^ feety milesy &c. ; and 
so also the units of pretsure are ouncee^ pounds^ fons, &c.* 

* In icnctnew, bowerer, these terms do not properly express units of 
/rr/srare, but of meu (or qasntity of matter) ; and tbej are used as 
standards of presaiira» nmply beoraae the earth's attraction on a giren 
quantity of matter is always the same ai the tome place, and differs but 
Rightly m different places. But we must not forget that the aame mass, 
ins different altoation (aa regards latitude, or level), would gravitate with 
a rather greater or lees pressure. (See Introiuetwn to tko Study qf 
NtUwrol PAi/oiqpAPi P* ^7.) We must not therefore confound mate 
with wngdiy oeoanae the same names are applied to the units of both ; 
for, hPfoct, tna oaita of preiaura are ouite datmet from, though founded 
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5. Forces may also (like any other magnitudes) be repre^ 
se'nted by lines of definite lengths. A unit of length heing 
taken to represent the unit of pressure, the length of the lino 
represents the magnitude of the force ; but the line has this 
great ailvantage over a igimber,-v-its direction represents the 
direction of the force ; and its commencement or extremity, 
the point at which the force acts, or its point of application : 
thus, by a line, the force is completely defined in all its three 
elements ; while a nunilier can only represent one of them, 
viz., its magnUtuie* 

Agreeing, therefore, to represent a force by a number or by 
a liuc^ a double force would be represented by a double num* 
ber, or by a line of double length, and so on. In this way 
fniocs can bo brought under the domain of uiathomatical 
bcionco, gooriictry serving to investigate their various relo^ 
tions by means nf lines, aiithmctio by moans of numbers, 
and algebra and trigonometry by the properties common to 
<incetions and magnitudes of all kinds. 

fj. If two forces Ito in equilibrium at a point, tliey must 
bo equal in inai?nitude, and opposite in direction. Two 
equal forces acting together, in the same direction, produce 
a double force ; three equal forces, a triple force, and so on. 
But whatever number of fproes may act upon a point, and 
whatever their directions, they can only impart one single 
motion in one certsun direction. We may, therefore, ineor* 

on those of mass ; just as the latter are derived from those of lengthy tad 
all of them from that of ftme/ the coanertion being as f|lJows 

1. A pound preotture means, that amount of preasore which is eiertsd 
towards the earth, in the latitude of Loudon and at the level of Che lea, 
by the quantity of matter called a pound* 

2. A pound of maitor meana a quantity eqivl to tfot quantity of pure 
water which, at the temperature of 62 Fahrenneit!, would ooenpy 
27*727 cubic inobea. 

3. A etiMc meS is that cube whose side taken 32*1393 thnes wouM 
measure the effective length of a London seconds pendulum. 

4. A ioeoudt pendnlnm is that which, by the unassisted and unopposed 
effect of its own gnvityf would make 86,400 vibrutions in ad srtiffnaf 
■olar day, or 86163*09 in a natural sidereul day. 

B 2 
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THE RESULTANT OF FORCES. 


porate all these single forces into one force, or resultant, 
capable of prodnoing the same mechanical effect as the forces 
themsdves, which are called the eamponenti. It is evident, 
that if to a system of forces a new force be added equal to the 
resultant, and acting in a coatraiy ijjrection, equilibrium would 
be maintained. 

If, for example, a boat be moving by the force of the cur- 
rent, by the force of the wind, and by the oars, we may 
imagine a single force, such as a strong rope, to be attached 
to the boat, and drawn in such a direction, and with such a 
force, as the three forces together would produce. The cur- 
rent, the wind, and the oars ceasing to act, this rope^ wouhl 
supply their place, and constitute their resultant. Now it is 
evident that to this resultant wo may oppose another force ; 
a rope, for example, acting or resisting with the same povi or, 
and in an opposite direction. The boat would in such case l>e 
as completely at rest as if it were at anchor. It could neither 
go forwards, nor backwards, nor move to either side, until 
some new force should act upon it, or some change should 
take place in tho existing forces. 

• When any number of forces act at a point in the same 
straight line, and in the same direction, the resultant is 
equal to their sum ; if the forces act in opiiosite directions, 
the resultant is equal to their difference. For example, let 
a point be pressed upteards with a force of 7 pounds, and 
doumwardi with a force of 4 pounds, the resultant is an 
upward pressure of 8 pounds. Let it receive pressures from 
the of 3 pounds, 6 pounds, and 10 pounds; and from 
tlte mtt, of 2 and 3 pounds. The resultant is, of course, a 
westward pressure of 3 + 6-1- 10 — 2 — 3 = 14 lbs. If 
the forces in opposite directions be denoted by the opposite 
signs + and — , then the resultant is in all cases their alge- 
»braical sum; so that, having taken the arithmetical sum of 
the forces acting in one direction, and also of those acting 
in the contrary direction, the difference of these sums is the 
resultant force, and it acts in the direction of the forces 
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which form the larger sum. When the xesiiltant ts 0 , the 
forces balance each other. 

Hence we may add equal and opposite forces at any point, 
without affecting a system of statical forces. This is called the 
Muperpoiition of equilibiaum. Sb also we may remove from 
any point in a system those forces which are equal and oppo> 
site, without disturbing equilibrium thereby. 

7 . When two forces act upon a point in different direc- 
tions, the fesultant is found more easily by the geometrical 
method. It is obvious, in the first place, that the line repre- 
senting the resultant must lie in the same plane which con- 
tains ^the directions of the two forces : for if not, on which 
sido of the plane should it lie ? There is evidently nothing to 
doternune it to one side moro than the other. For the same 
reason, wlien the forces are equals the resultant must bisect 
ilio angle between their directions, for it cannot be nearer 
one than the other.* Moreover, in all cases, whether eqnal 
or not, we naturally cxp( ct that the nearer they coincide in 
direction, the greater will be the resultant, and ctes verBd; 
and 08 their exact coincidence makes it equal their sum. 
wdiiie their exact opposition makes it equal their 
ena^ we conclude that in all intermediate iiositions it will 
bo less than their sum, apd greater than their difforenoo. 
But it is doubtful whether elementaiy mathematics will carry 
us further than this without the aid of exporiment,t which 
teaches us the following beautiful law. 

Let the point p (Fig. 1 ) be acted on by two fu^ce 8 , press- 
ing in the directions p a and p B. From the point p, upon 

* This kind of proof, bj what U called the ffrindph rmmn, 

if of very extennve use in Mechanics. • 

t The first experiment* fo^ thb purpose were nisde by Galileo, ill some 
boats, at Venice, about the year 1592. This was the first step In indue* 
tive (or natiiral) scienof, or the first direct question pat to nature, atleasP 
since the tune of Archimedes, fiat slthougb this point was first detar- 
mined by experiment, it most be classed among abstract or necessary 
truths, being deducible from the sintple pnnciple above mentioiisd. The 
p*oof IS too long to be given here. 
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PARALLELOGRAM OF FORCES. 


the lino P a, measure off any length p a; and from the 
point p, upon the line p b, take a length p h bearing the same 
ratio to p d that the force b bears to the force a« The easiest 
way to do this is to make the lines p a, p contain respec- 
tively, as many units of length (tnc}»es or feet, for example), 
Fig* t* as the forces a b contain 

units of force (ounces or 
pounds, for example). 

I Through a draw a lino 

parallel to P b, and 
through h draw a line 
... ' ^ IMimllel to p A, and sup- 

pose tlicso lines to meet 
ate. We thus get a |Hi- 
rallelogram, y a cb; and 
the line P e, called its 
^ ^iagonal^ will represent 

a single force acting in the direction p c, and consisting of as 
many units of force as the line P c contains units of length ; 
and this force will pn)ducc upon the point P the same effect as 
the two forces a and b produce acting together. 

This method of finding an equivalent, or the resultant of 
two forces, is called the parallelogram of foreee^ and is 
thus concisely expressed : — If two forces be represented, in 
magnitude and direction, by the sides of a parallelogram, an 
equivalent force will be represented, in magnitude and direc- 
tion, by its diagonal. — ^The two forces, are called the com- 
ponents of the resultant 

8. Any nnml>er of forces, acting at one point, can be com- 
pounded by the same rule. For instance, lot the body w 
(Fig. 8) be pressed at once by the three forces, whose direc- 
tions are expressed by the arrows a, b, c, and their magnitudes 
d>y the lengths ^ a, x x €• We may first compound any 
two of them (such as a and b), by completing the parallelo- 
gram xa d i, by which we find that {the direction of their 
resultant is x and that its magnitude is to their magnitudes 
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aa the length « is to the lengths xa^xh. We may theua 
compound this multant 

with the remainipg force 3^* 

X c, by oomjdeting the 

paratlelogram jrd e c, the^ \\ 

diagonal of which, viz. a 

9 e, will represent both 

the magnitude and direc* '^C 

tiun of the general re- ^ 

sultant of all three forces ; so that a force of the magnitude 

expressed by this length x s, and acting in the direction s 

would balance those three forces. Of course, the resultant 

of any groater number of pressures might have been found iu 

the same way, by combining two at a time. 

In this problom, it matters not whether the directions of 
the forces lie all in the same plane or in different planes. In 
the htter case, the three lines # a, « « e, would form the 

three edges that meet at one solid angle of a parallelopiped ; 
fbnd by completing this solid figure (as shown by the outei 
dotted lines of Fig. 2), its diagonal w e will roprosent the re- 
sultant. Hence, whether we regard the lines of this figpro 
as they really lie flat on the paper, or as the projection or pic- 
ture of a solid parallclopii>^ the law is equally true. The 
same process is of course capable of being extended to any 
number of forces in different planes. 

0. The problem of the composition of forces^ which is thus 
solved with so muck ease by construotion (or drawing on 
paper), often becomes extremely complex ' in calculation) 
especially when in dynamics the element of time is added, 
and the forces are of constantly- varying magnitude. In fact, 
it would scarcely be possible to arrive at some of the simplest 
results of its application to every branch of physics, if re- 
course were not constantly bad to the inverse problem of tbs 
resdution of forces. It is constantly necessary to consider a 
force (however simp^ its origin) as capable of being^resolved 
into two or three distinct forces, having dillerent directions ; 
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•for it is evident ^hat wo may substitute for any given force, 
any number of other forces, having any given directions (not 
opposite to each other) ; for we may make the line « e the 
diagonal of any number of parallelograms, or paraJlclopipeds, 
having their sides running iji any proposed directions. When 
their directions are d<^ided on, their lengths will be discover- 
able ; and thus we shall know both the directions and magni- 
tudes of the forces into which, for convenience s<ike, the \ihole, 
or resultant force, has been resolved. 

If). Examples of the composition of pressure are of con- 
stant occurrence, as in the exertions of our limbs, the action 
of tlio various tools and iiij[»* nents which wo employ, and 
tlu* external actions in vihicli v.e paiticipato. It i'l frequently 
of inij>ortance to consiih^r whether the component forces aie 
eiMpIoycd so as to jiroduce the best resultant; that is, one 

acting in a direction most 
availablo for the object 
intended to be accom- 
plished, and with as small 
an expenditure of force 
as i>ossible. 

Birds have a fiL'ure 
symmetrical with respect 
to a vertical plane, a u 
(Fig. 3), which pasbtt 
through the body. When 
they fly, their wings exe- 
cute symmetrical move- 
ments, and strike the nir m ith <H|ua1 pressures. The resistance 
of the air to the pressure of the wings is jierpendicular to their 
surface. Hence the Hirection of the rosultuut will be found 
by the parallelogram of forces, for which purp<»8e draw c a 
jind D A perpendicular to the surfaces of the two wings, 
these lines representing the directions of the forces by which 
the bird presses backward with each wing ; or, in other words, 
A c an(f A D are the directions of the resistances exerted by 
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the air against the two wings ; and neither of these prossures 
(when the wings axe in this position) tends to impel the 
bird straight forward ; but their re9ultant does so ; for if the 
wings be similarly extended, and act with equal force, the 
lines ▲ c and a d will jiiake egual angles with the line 
A IS passing through the centre of the*bird ; and two lines 
rejirescnting the intensities of the two pressnres, as a E and 
A r, being equal, the dtagottal a o will ooitioide with that 
line, and the motion of tJio bird will he directly forward. 

A man in swimming impels himself in directions perpon- 
dioiilar to the soles of his foet and the palms of his hands. 
If tlitse forces bo equal on either «ide of his body, lIic ro- 
Miltant is a line passing through the centre of his body. 

The motion of a boat lowod by oars is evidently similar 
to the cases already noticed, where the forces aie syinnK'tiicui 
on either side of a central vertical plane : but wheu sails are 
acted on by the wind, and the force therohy transmitted to 
the keel is modified by the action of the rudder, various 
problems arise, which are too complex to be studied here. 
We may, however, take a cose, where the sail is supposed to 
l>e stretched so as to ionii a plane surface ; aud, neglecting the 
action of the rudder, well as that of any tide or current 
in the water, let us consider the force of the wind only. 
Let a b (Fig. 4) be the length or keel of a sailing vessel, 
and let the nght line m n represent the projection of a sail, 
«<upported at o against a most. Let o p represent in magni- 
tude and direction the force w, with which the wind aets 
upon the sail. Construct the parallelogram o r ^ of which 
op the diagonal. This force op\% evidently dteom posable 
into two other forces; tlio first, o e in the direction of the 
plane of the canvas, and producing no dBect in advancing the 
vessel ; the second, o dy perpendicular to the sail, which is the 
only force which presses on the sail and gives motion to thc^ 
vessel. But o d may also be decomposed into two other 
forces ; the one o b in the direction of the keel or length of 
the vessel^ and which \endB to advance it in the direhtion of 
B 3 
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the arrow ; the other o f acting at right angles to the length 
of the vessel, so as to urge it sideways. The fomi of the 
vessel enables it to offer a great resifitance to the latter 
force, and very little to the former, so that it proceeds with 
considerable velocity in the direction o e of its keel, an<l 


Fig. 4. 



Timkes very little lee-way ^ ns the sideward direction o f is 
called.* Thus some idea may be fomied of tho iiiannor in 
which a wind, which is someticiies within five points (<»r 
of being opposed to the course of the vessel, may, witli 
the aid of sails judiciously applied, bo made to impel it. 

* If this do not seem satisfactory, it must be remembered, that our 
present business is not with motions, but with pressures, and that we 
must conbider, not what proportion the bead>wa 7 bears to the lee-way 
(t. e. what proportion existb between tlie velocity of the vessel in the 
direction o n. and that,iii the direction o y), for statics has noihiog to do 
with velociiifB ; but we Siust reduce the problem to its statical form, by 
imagining the introduction of such a force or forces as would produce equili- 
brium. Now this would (in the present case) reqmie a greater force in the 
^direction opposed to the lee-way, than m that opposed to the bead- way ; for 
though the vessel moves faster forwards than sideways, yet sheprewet more 
in the latter direction than in the former, in the proportion that o / 
exceeds o b. 
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In tlic flying of a boy's kite we may study similar efTocts. 
To counteract (permanently) the force of gravity which 
would bring it to the ground, two other forces at least are 
required — viz* the wind, and the resistance of the string or 
of the point where it is or h^d. The wind ulone would 
keep it suspended, but only for a time — Hriz. until the kite had 
either turned its edge to tlic wind (so as to he pressed no 
more on the under than on the up[>er side), or else had become 
vertical, so as to be pressed only horizontally, and not iipanrd^?. 
If the kite had no tail, the former effect would rapidly ensue, 
and with a tail the latter would be equally certain. It is 
necessary, therefore, tliat the kite be inclined^ and tins is 
effected by the string being attached at such a point ns to 
leave more surface (nnd thoroforc, a greater pressure of wiiirl) 
below the point of attachment than above it This excess of 
pressuto on the lower half diives it to leeward, hut only to 
a ceitaiu extent, where it is counterbalanced hy the weight 
of the tail; but the raaintenanco of the inclined position 
d''})eiids on laws which will lie explained further on. It is 
sufliciciit for the present to observe, that the horizontal force 
of the wind w (Fig. 5), the intensity of which may be 
represented by the line o «r, must (like every other force that 
impinges obliquely on a surface, as on the sail in the last 
example) be resolved into two portions, one parallel, and the 
other }>erpendicular to the surface. The former portion o a 
has no effect ; the kite is pressed only by the oilier portion, in 
the direction o 6, in which direction it would move, if it 
maintained its inclined position, and wore subject to no other 
force than the wind. But we have to considei two other 
forces, — the string and gravity. Siq^posing the string to pull 
in the direction o s, we shall find the ihtensity of this force 
by resolving the whole effect of the wind on the kite, repre- 
sented by 0 hy into two portions, o d perpendicular to the « 
string (and therefore not resisted by it), and o c, which must 
be balanced by an e^al and opposite force in the string, 
which will accordingly be represented by o t. The adtion of 
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the siring and uf the wind would therefore ho to urge the kite 
in the diagoiul o dot the paraiielogram oh d t ; but with this 
we must iurtlicr coii)|)ound tho foice of giavity, which (the 
Fig. 5. 


•/ 


f/ 


kite being very light) wo will represent by the short line 
0 and this» compounded ViUi o gives the resultant o f , 
iu which direction the kite will rise when subject to all three 
loreeS) in the degrees here supposed. Supposing the wind 
suddenly to cease, we shall find the resultant of the string 
and of gravity by compounding on with og^ which gives o s as 
the direction in which tlie kite would then be pulled ; and 
this comjiouudeil witb the effective portion of the wind's force, 
viz. 0 will give o F as before. In this direction, the 
kite will, under these cirouiustances, rise till it has attaiurd 
a position whcie the three forces o 6, o s, and o g are iu 
equilibrium, t. s. where each is equal and opposite to the re- 
sultant of the other tiro, in which case we should on our con- 
sti uction find o F 0, or the point f would coincide with o,* 

4 ^ * In order to raise the kite to its greatest altitnde, the most advan- 
tageous angle for the kite to form with the horizon is 54^ 44'; which is 
the same as the rudder of a ship should make with the keel, in order that 
the vessel may be turned with the greatest facHity, supposing the current 
to have a direction parhllel with the keel ; and the same that the sails of a 
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1 1. The property of a system of statical or balanced forces 
acting on a point, that each is exactly equal and opposite to 
the resultant of all the rest, whatever may be their number, 
leads to a very simple and elegant theorem, called the Policy on 
of Forev$. By this, any qumber ^f statical forces are repre- 
sented in direction and magnitude by tUe sides of a polygon, 
taken in order; and they will, when applied to one point, 
punluce equilibrium; or, in<. other words, in oidei that the 
forces may form a polygon, they must be in cquilihiium. 

In Fig. 6, let i»* 1*^ p® be forces in equilibrium acting 
on a point a, and represented in magnitude as wtll as iii 
direction by the lines 
Al*^ Al'^ Ar\ AP^, aiA 
To find the resultant 
of p^ and p2, complete 
the jiarallelogTain a 
cp2, AC will repicsoni 
this resultant. Com- 
pounding this resultant 
inith the force H, hv 
means of the ] iialhlu- 
gmm AC i» i*®, we see that 
A D represents their le- 
sultant, or the resultant of p', p*, and p®. Compounding this 
last resultant with the force p^ by the parallelogram a H E D, 
we see that their resultant is represented by the line a p., 
o[tposite in direction to the last force f®, and equal to a i*®. 
This line completes the polygon a c d k a, of which the sides 
A p*, p^c, CD, DE, EA represent severally, in magnitude and 
direction, the forces P^ r®, p®, p®. 

It is not necessary that the forces sliould all He in one 
plane: but we may, fieibaps, make this thediem cleaier by 
attaching a numhoi of pulleys to a vertical plane, such as an 

windmiU, and the ranes of a smoke-jack, or of a screw-prepellsr, ihoiild 
make with the plane of thsir rotatioa. The reason cannot be a^n fa 
tint eleBDentarj i^ork. 



14 


rOLYOON OF FORCSB. 


upright, board, and carrying over them the lines which 
represent the forces, and attaching weights to their extremities, 

as in Fig. 7. Then take 
any ])art a a on the string 
A and from a on the 
^oard, draw a line paral- 
lel to tlio string a n, and 
tako a part a b upon that 
jjarallel, such that A a is 
to a as M is to m. Again, 
through b draw a parallel 
to tho string a o, and on 
tliiit parallel take *a part 
b c such that ah \h to b c 
as N is to 0 . In like 
manner, draw c d parallel 
to A py and such that 
he : edw o : p; and dra w 
d e parallel with a y, aixl bearing the same rehition to the other 
lines that q bears to the other weights. Finally, join the 
jipints e and A by a right line. A single force i<, acting in 
the direction of tho line e a, and having the same ratio to 
ouch of the other forces as the line e a has to the side 
of the polygon, which is parallel *to that other force, will pro- 
duce a pressure on the fixed point a, equivalent and opposite 
to the combined actions of the forcos M, N, o, p,q. This may be 
proved by attaching any weights at random to tho various 
strings, and (when they have settled in equilibrium) making 
the construction above described, beginning w*ith any side of 
tho polygon, and making all its sides, except one, parallel 
witli their respective strings, and with lengths proportional 
to their respective weights. The remaining side will then he 
» found to lie always in a straight line with the remaining 
string, and to have the exact length proportioned to the 
remaining weight. 

12. ^PardUl Fbrcet.— It is evident {iiat forces may be made 
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to act side by side with quite as muoh effect as in the same 
straight line. Two horses drawing a cart may of course be 
placed side by side, or one before the other, and the effect 
will be the same. Hence, the resultant of two parallel forces, 
acting in the same directioy, is equal to their sum ; it has the 
Mime direction with them, and when they are equals is up])lied 
at a point midway betw^een their points of application. ^11 
this is ob\ious from the principle of suilieient reason; but 
w'lien they are unequiil^ tlieir resultant, though still parallel 
with them and equal to their sum, docs not act midway 
betw’een tbein, as we shall presently see. And when they 
are equal, but act in contrary directions, they have no simple 
red'll Itant, foi they tend to produce rotation^ and tins tendency 
cannot lie couuterhaluncod by uny single force. But let us 
bore conniio our attention to the sim]>lu case of such ]taral1cl 
fuicos as are equal, ami have the same direction. 

The lObullant of a number of parallel forces is obtained by 
a piiuciplo which n called the equality of moments^ on which 
W(» ‘'h!!ll enter shortly. It w^ill be found that the jmut of 
application of this resultant will «lepond solely on the pointo 
of application and the intensities of the components, and wilb 
not bo affected by any change in their directiono^ so long as 
they retain their parallelism and equality to each other. 

II. THE CENTRE OF GRAVITY. 

13. The forces with which the particles of a body at the 
earth's surface tend to descend, or, in other words, their treiyhts 
or gravitating forces, may be considered os parallel to one 
another, since they converge towards a point, the earth’s centre, 
the distance of which may be regarded as infinite, comiiared 
with the size of the body. Now all these equal and parallel 
forces, infinite in number as they are in a body of any size, 
may be replaced by a single force applied to a certain point ; 
and this point of application is called the centre of gravity of a 
body, or the centre of paralle] and equal forces. It is a chanic>* 
teribtic property of the centre of gravity, that it is a fixed 
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point in the interior of solids, and does not change, whatever 
position these bodies may be placed in, with respect to gravity. 
Thus the point g (Fig. 8) is the centre of gravity of the body 
ABC, whether the point c be upwards or downwards, or in 
any other position ; for, as we have^ already stated, the point of 
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upplicution of the resultant of parallel force's is independent 
of the direction of these forces. 

14. In order that a heavy and perfectly rigid body^ be in 
o(|uilibriuui, there is only one condition to be fulfi'l d, namely, 
that its centre of gravity be 8up[)urted. Consequently, 
if the centre of gravity bo fixed, we may tuni the body 
about in all directions, and it will always rest in what- 
ever position it may be placed, because it will .always be in 
equilibrium. When a body is supported at a fixed point, 
which is not the centre of gravity, oquilibrium can be main- 

* That U, a body supposed to be totally incapable of any change of 
form. In MechanieSp it is constantly necessary to abstract or omit the 
consideration of certain properties of bodies, m order to reduce a problem 
to its simplest form ; for these complicating circumstances can always be 
added afterwards, one by one, though it would be impossible to encounter 
them all at the outset. ^ Hence it is necessary at first to assume a perfec- 
tion not found in any natural body ; and as in geometry we must consider 
lines without breadth, and surface without thickness ; so in Mechanics we 
must assume imaginary solids, fluids, and airs, which are not the solids, 
fluids, or airs of nature. The solids must be perfectly indaadc, or else 
perfectly elastic, the levers without flexibility, cords without rigidity, 
liquid^ without compressibility or viscositya and^ airs must have their 
denaitj and elasticity always proportionaL 
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tained only when the centre of gravity is in the vertical of the 
fixed point, either above or below. This consideration affords 
an experimental means of finding the centre of gravity in a 
body. Suppose we have to fix a handle to a sextant a (Fig. 9) 
in the host positron for holding it stcfidily.^This position will be 
at its centre of gravity. It must be suspended^ as at A, by 
means of a thread from some point of its surface, as cy and when 
:it rest, we mark, as accurately as possible, the point m, or the 
point at which the thread would come out li it had proceeded 

Fig. 9. 


! 


\ /’in 


n' 


in its straight course through the body. From wlut has 
been said, it is evident that the centre of gravity must bo 
situated somewhere in this line c m. The centre is exactly 
found by suspending the body from some other poipt, as at 
H, and marking the vertical continuation of the thread, us at 
n. The centre of gravity is also in this Jine, d n, and must 
therefore be at the point where the lines c m and d n cross 
each other, ^ 

With heavy bodies the experiment is mode by turning 
them on their sides, or placing them upon narrow supports ; 
but for bodies whose forms are regular, and the substance 
homogeneous, or of nniform density throughout, the centre 
of gravity is determine^ by certain geometrical rules. Jhne, 
the centre of gravity of a cylinder is evidently the middle 
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of its axis ; and whenever a body possesses a centre of figure^ 
ue, a point so situated that every plane which can be con- 
ceived to pass through it must bisect the body^ this point is the 
centre of gravity (supposing the body to be of uniform density). 
Moreover, whenever a bddy has cm aaie of figure, that is, a 
iine, every plane passing through which bisects the body, 
then the centre of gravity must be somewhere in that lino. 
Consequently, when the body has more than one such axis, 
the centre must be found at their intersection. In other 
cases, however, and csiiecially when the body is not homo- 
geneous, the deduction of the ^ cutre of gravity becomes too 
coiiiph^x to be useful, considoiing how easily it cap always 
l»e found by experiment.* 

The centre of gravity is not necessarily in the hody^ but 
may be in some adjoining space. This is obviously the case 
with a an empty hox^ aii8, in general, any hollow 
vessel. 

In Theoretical Mechanics, the principle already noticed, 
of ahetraction^ or considering certain properties of matter 
a[)art from others, has often to be carried so far, as to assume 
' liulk without weight, or weight without bulk. Hence an 
imaginary heavy line^ or heavy surfacey may have its centre 
of gravity found ; and if the line or surface le curvedy it is 
obvious that this ceutro must in general lie out of the line 
or surface itself. 

l/>. Centroharyc theoreniy or Method of Giddinue. — ^These 
centres of gravity of lines or surfaces (which can be found 
appniximately by experiments on thin wires or plates) afford an 
c.isy means of soh mg certain useful problems in mensuration, 

* The following nles may, however, be uselhl. Every pyramid or 
cone has its centre of gravity at ^ of its height, from the base, — every 
Itaraboloid at ^ of its height,— every hemisphere or hemtepherotd at f , 
—a hermcyhnder at *4244 of its radius from the axis of the cylinder. To 
find the distance of the centre of gravity of any eegment of a due or 
cyhnder, from the axis, ‘iivide the cube of the cftiCrd by twelve times the 
area (if the segment. To find the same lo a fretor, multiply twice the chord 
by the radiub and divide by three times the arc. 
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e solution of which deduoiivelj (or by pure mathematics) 
would be extremely difficult, if not imposmble. For instance, 
any ioUd of revolution^ however complex or irregular its out- 
line, may have both its solidity and its superficial contents fonnd 
by the following very simple method^ Let a (Fig. 10) be the 
solid, and a 6 c its half section, or that plate figure which, in 


Fig 10. 



revolving round the line a c as an axis, would require a 
space equal and shuilar to l^bo solid— or, as it is commonly 
expressed, would generate the solid. Cut out this figure 
in some thin substance of uniform thickness, and by sus- 
pending it as above described (Fig. 9) find its centre of gi*avity, 
which we will suppose to be g. Now the volume of this solid 
is equal to the product olf the area a h c X into the circum- 
ference described by the point g (which circuinfcronce will 
of course be found by applying the well-known multiplier, 
3’14159, &c. to twice the distance of g from tho ajcis, or 
twice d g). Again, to find the surface of the solid or (»f any 
portion of it, as formed by the revolution of tho whole or 
any portion of the curve a h bend a wire into the form of 
that portion required. Let this wire bo s/, and suppose that 
(by suspension) we find its centre of gravity to be at 
then the surface generated by the revolution of e f ^ its 
length X the path described by its centre of gravity, which 
path is found, of cours^ hy multiplying its radius / A by 
twice 3*14159, &o. 
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Among other usefal deductions from the properties of the 
centre of gravity, we may observe that the force expended in 
erecting a building, or lifting all its materials from the ^und 
to their places, is the same os would be required to lift them 
all to the height of the o^tre of gravity of the building* 

16. It has been mid that the only condition of equilibrium 
in a solid body is, that its centre of gravity be supported. 
There are, however, various ways in which this condition is 
fulfilled, according as the body is suspended from fixed points, 
or placed tfpon supports. If the hand of a clock moved 

fmly upon its axis on a 
'' vertical dial, a b o d (Fig. 

11), in order that*it8 centre 
of gravity be supported, it 
must bo in a vertical plane 
passing through the axis ; and 
this can only take place when ^ 
G, the centre of gravity, is 
below or above tbo axis, as 
at g' and G, wdiich gives two 
positions of equilibrium; one 
of which, when the hand is 
below the axis, is called 
sUibh equilihnum^ because, in drawing the hand aside and 
lotting it fall, it will oscillate a few times, and then settle in 
this position, g'. On the other hand, when g is above the 
axis, the equilibrium is said to be unBtahUy because, on 
moving tbe hand aside, it would not return to its previous 
position. Between these two positions, equilibrium is im- 
possible ; and aJthoujh, in the case of a clock, the hand is 
retained in all portions by its friction against tbe axis, yet 
there is a constant tendency in the hand to dra^ tbe axis 
into a position of stable equUibriam, and the more so in pro- 
portion as the centre of gravity is removed from tbe 
vertical Thus, with a heavy clock hand, in which tbe 
ceiitfe of gravity is far removed from tbe axis, the clock 
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ottU gain from 12 to 6 a.m., and lose from G a.m. to 12, 
were it not for the counterweight usually attached in large 
clocks, as shown at /. ** 

17. A body placed upon a horizontal surface, touching 
it only at one point, may ayume various positions of equi- 
librium, some of which are stable, and some unstable; and 
there are other positions which are said to be indifferent^ 
because when the body is disturbed thei'efrom it does not 
tend either to regain its former position, or to increase tho 
disturbance, but simply remains in the new position. If 
from the centre of gravity of a body, rays are produced to 
every part of its surface, the greater number of those rays 
are oblique to such surface; but there are always some 
winch arc perpendicular, or normal thereto, whatever be the 
external form of tho body : there is, in general, a maximum 
ray among them, an<l a minimum ray, both normal to the 
surface. There are also other rays which are maximum or 
minimum among tho surrounding rays, and which are 
essentially normal. It is eviilent, then, that if the body 
touch the hoi izontal piano by the extremity of one of these 
normal lays, the centre of gravity is in the vertical of the 
point of contact, and there is equilibrium. If, on the con- 
trary, tho body touch tho plane at the extremity of un 
oblique ray, the centre of gravity is not sustained, since it 
is no longer In the vertical of the point of contact.* 

16. If the ray of the point of contact be normal, but not 
maximum nor minimum, but simply equal to the neighbour- 
ing rays, the equilibrium is indifibrent. Such is tho case 
when a sphere is placed on a horizontal plane ; it is in oqui- 
librium in every position, and consequently in indifferent 
equilibrium, for the centre of gravity can &Il no lower than 
it is. Now, if a portion of the upper part be removed (as 

* It may be stated generally that a body is in the position of stable 

eqnilibiinm when the centre of gravity is the lowest possible, beeanae In a 
body free to movtf in aav direetioii, the centre of gravity always asiiuiiea 
the lowest possible podtion. 
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by makiDg a hole there), the equilibriom becomes Hahle^ ^ 
because the centre of gravity is brought below the centie of 
figure, there being in such case more natter below the centre of 
figure than above it Now, in this case it is easy to see that 
the ray from the oentretof gravity to the point opposite the 
hole is a minimum ray; but let the hole be filled up, by 
inserting a small cylinder long enough to project beyond the 
surface ; it is now plain that the centre of gravity being 
nearer this projection than the opposite point, a ray drawn 
to the latter will be a maadmum ray, so tliat the balance 
thereon will be umtabU^ bcoau«>e any motion bideways tends 
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to Uwr the centre of gravity, and to enable it to fall still 
lower; whereas, when a body rests on a minimum ray, 
any rocking must rain the centre of gravity, so that it will 
fall baxk to its previous position. If the normal ray of the 
point of contact be only the minimum among several other 
neighbouring rays, eqaihbrium is stable only as far as the^e 
rays extend ; and lastly, if the ray is in one direction equal 
to adjacent rays, whilst it is in other directions a minimum, 
equilibrium is indifferent in the one direction, and stable in 
the othw directions. This is the case with an egg placed 
on its side. ^ 

An egg OB one end is resting on a maximum ray, and 
is therefofo in unstable equilibriam, so that it cannot in 
general remain thus poised for a moment. There are two 
modes, however, by whioh this ^ is mq^etimes aooom- 
pUshed, both of which afford j^od illustrations of the 
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^ above princlplec. If we eegleot the differBnoe bBtw^eeo tbe 
t^o ends, and regard the egg ae baving a eentre of tgnra 
(14), this #biild also be its centre of graviQr if it were of 
uniform density. Although the yolk is denser than tbe 
white, yet if they be coooentrio, af in Fjg. 13, a, the centre 
of gravity will still be at their common eentre 
ru.y a will plainly bo tbng^ than b S, 
equilibrium unstable in eveiy dtreotion^ But if |N ^ 
shaken, so as to break the membrane that enidowl 
and allow that flnid to sink to the lower end, aa in 
the centre of gravity is lowered, and may in sohm 



fig. la. 



Wlow o', the centre of cnrvatiye of the surface at the pohit of 
contact ; in which case the ray a* will become a minimum 
with regard to b' h\ Ac., and the equilibiium will be itabU* 
This is more likely to happen, tbe shorter or more spherical 
the egg ; but it is also more probable at tbe mall end than 
at the laryey because the latter oontains a cavity full of air, 
which must throw tbe centfS of gravity towards the small 
end. The other method (commonly asegbed to Colustbos) 
consists in scraping ofl' a little 'of the sh^, so as to flatten a 
small extent of surface (Fig. 13, c), when (the oentie of 
gravity remaining at <0 the ray becomes a minlmttm 
among all those drawn to this small surface (ail those between 
b^ and for instance), so that if the egg he not dist^iAed 
beyond this extent, it will stand. 




24 EXAMPLES OF CENTRE OF GRAVITY. 

♦ 

19. When a body is supported on a plane by two points, 
the vertical, let fall from the centre of gravity, ought to fall 
upon the line which connects these two points. Thus, in 
two-whueled carriages, the vertical of the centre of gravity 
ought to foil between the whce^ and upon the lino which 
unites their point of contact with the ground. If it hill either 
in advance or in the rear, the carriage is too much load^*^ in 
front or behind. When carriages go down hill, they are liable 
to upset, if the centre of gravity fall out of the lino of contaet 
of the wheels, but this is less likely to happen with largo 
wheels and a heavy load placed low down. 

20. When a body rests pon a base more or less extended, 
equilibrium obtains only when the \ertii*al of the centre of 
gravity fulls within the area of the ba^e. It matters lit lie 
whether this base be continuous or not ; the base of a square^ 
table, supported on four legs, is formed by the square of 
which the four legs form the four corners. In proportion as 
the base is extensive, the centre of gravity may be disturbed, 
without deranging the support of the body. 

21. A variety of toys, and feats of posturing, &c., depend 
^ upon the dexterity with which the vertical of the centre of 

gravity is supported on a very narrow base. In some toys, 
the base is fixed, but exceedingly narrow ; and on this base 
are placed the hind logs of the figure of a prancing horse, 
and the figure rocks backwards and forwards in an a[)pa- 
routly impossible position, by means of a leaden wciglit 
attached to the further end of a bent wire, proceeding from 
the lower part of the figure, the effect of which is to throw 
the centre of gravity below the centre of motion ; in which 
case, equilibrium is always stable, because every disturbance 
must raise the centime of gravity above its natural (or lowest) 
position, to which it will therefore return, as is the case 
with a pendulum, or any hanging body. In balancing rods 
on the hand, chin, &o., the base is in constant motion, and 
the jirt is to keep this boso under the^ceutre of gravity. The 
tight^rope danoer has the doable disadvantage of a narrow 
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and also a moveable base. He is .greatly asmsted by holding 
in his hands a heavy pole, the effect of which is to remove 
the centre of gravity from his body into the centre of the 
pole ; or rather, l^e centre of gravity of the dancer and of 
the pole taJren together is situatq^ near the centre of tlie 
pole, so that, as has been well observed,* the dancer may bo 
said to hold in his hands the point c3i the position of which 
the facility of his feats dependa Without the aid of the 
pole, the centre of gravity would be within the trunk of the 
body ; and those performers who dispense with the pole 
may astonish more, but tbeir motions are far less graceful, 
because they are unable to modify the position of the centre 
of gravity with ease and rapidity. 

III. PARALLEL FORCES ^MOMENTS OP FORCE— -THE PRIN- 

CIPLE OF VIRTUAL VELOCITIES. 

22. Wr have seen that when the centre of gravity of a 
body is supported, there is equilibrium, and that if a rigid 
line or axU be passed through the centre of gravity, as in 
Fig. 11, the body will rest indifferently in any position. 

!lf?ie centre of gravity, then, in any body may be regarded^ 
as the centre of any set of equal and parallel forces acting in 
the same direction on all the particles of the body ; that is 
to say, it matters not in what direction these parallel fortes 
act, provided they act all in the $ame direction, their resultant 
will always pass through this point. « 

2d. We have seen that the resultant of two parallel and 
equal forces is a parallel line lying midway between them ; but 
we have now to observe that when they are unequal^ the re^ 
snltant is no longer half-way between them, but so situated 
that its distances from them shall be invthiely as their inten- 
sitios. The property of the centre of giavity enables us to 
prove this in the following manner. Let a b (Fig. 14) repre- 
sent a rigid bar of equal thickness and density thronghout Us 
length. It may obviously be balanced on a angle point at 
its centre c, so that all His wright acts as if it were cdbeen* 
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trated at this one point. The same would be true of any other 
suoh bar ; for instance, if we suppose tlie bar to be divided 
into two bars of unequal lengths a d and d b, the former 
might be balanoed on its centre s, and the latter on its centre 
F. Hence we see that two parallel and unequal forces (viz. 
the weight of a d and the weight *of n b), acting at the points 
X and P, have not their resultant passing through the centre 
between b and f, but through c, which is nearer e than r in 
the exact ratio that the force at e exceeds that at f ; for the 
Pig. 14 . weights of the two 

bars A D and d b are 
as thoir lengths, and 
it is easily ooon that 
E c equals half tlie 
length of D B^ and 
that F 0 equals half the length of a l> ; so that the distance 
E 0 is to the distauoo f c inesm/y as the weight wltose 
centre is at e is to tho weight wlioso centre is at f. To test 
the truth of this conclusion, suspend from those points n 
and F two additional weights, bearing the same latio 
to each other as the weights of a D and D b, so that the 
ratio of the whole force at E to the whole force at r, may 
remain unchanged ; and we shall find tho balance of tlie 
bar oontinues undisturbed, thobgh there is manifestly more 
weight oil one side the fulcrum c than on the oilier. 

34. Hence we learn, that when two parallel but une(pial 
forces are supported or balanced by a third, this third force 

must be equal to the sum of 
the other two ; it must act in 
the contrary direction, and 
must be applied at a point 
nearer the greater force than 
theless,it8 distances from them 
being inversely as thoir inten- 
sities. Thus, in Fig. 15, any 
two parallel forces acting at 
A a', and having their intensities expressed by the lengths a b 
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and jl d', will be balanced by a force whose intensity is ex- 
pressed by the length R p =: a B + a' provided it act at a 
point P) BO situated tliat pa : p a : : a b : a' B^ And it 
matters not what may be the common direction of the three 
lilies representing these foi^pes, provided they be all parallel ; so 
that if A* b' and a b move into the positions a' (f and a o, with- 
out any change of intensity, then R p must be moved into the 
position W p, and the cquilibnam will remain undisturbed. 

When therefore a force, applied to any point of an inflexible 
bar, supports two other forces applied in the contrary direc- 
tion tc two other points of the bar, the above conditions must 
apply. Thus, in Fig. IG, when the three forces at d, a, and 
a arc in equilibrium, B : a : : the distance A a : the distance 
li a. In its present IG* 

the 

>v 

the upuard reaction IsSBHBHHHHHBBIBSBS 
ot the point of support ; but if we turn the figure upside* 
down, then it may represent a pole, by which two jiorters 
are canying a loail, the weight of which acts at a. In such case 
u and A will be the upward forces which the porters must exert 
in order to support it ; and it is thus evident that the bur- 
then is not shared equally between them, unless its centre 
of gravity be over or under the middle of the ]>ole. In its 
present position, b has to support more than a, iu the pro- 
portion that A a exceeds b o. 

25. When one point of a rigid body ij supposed to be im- 
moveably fixed, the effect of any forces applied to that body 
can only bo to turn it round the fixed point, as a centre of 
motion ; and when two points are fixed, the motion can only 
l>o round the line joining them, which thus becomes an oJoU. 
Now it is plain from w^at has been said above, that, it^ these 
cases, two forces which tend to turn the body in contrary 
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directions will be in equilibrium if their inteneitiee are in- 
Tcnely as their distances from the centre or axis ; that is^ if 
A : B : : the distance of b fri>m the azii» otja b : the distance of 
A from the axis, or a a* But in every proportion, the product 
of the first and last terms k eqnal^ the product of the second 
and third ; or, as It is commonly said, the product of the 
extremes s that of the means. Thus^ instead of saying that the 
forces A and b are inversely as the distances a a and a b, we 
may express the same thing by saying that the product of the 
force A X tbe distance a a = the product of the force b x the 
distance a b. That k, if both forces be meaaared by the same 
unit of pressure (both in ounces or both in pounds, for ex- 
ample), and if both distances bo measared by the same unit of 
length (both in inches, or both in feet, for example), then, the 
number that represents each force being multiplied by the num- 
ber that expresses its distance from the axis, the product will 
be the same in each case. Thus, if a straight bar be balanced 
(as in Fig. 16), and, at the distance of one foot from its fulcmm, 
or point of support, a weight of 12 pounds bo suspended, it 
will be found ibat this weight will balanced by a weight 
,of 6 iK>undB, distant 2 feet on the other side of the fulcrum ; 
or by a weight of 4 pounds at the distance of 3 feet ; or by 
a weight of 3 pounds at the distance of 4 feet. Now by 
multiplying these weights by tLe number of units (feet) re- 
presenting the distances from the centre, we get in each 
12; thus, 6 pounds at 2 feet ss 12 pounds placed at 1 foot; 
or, 6 x 2 as 12 X 1. * In like manner, 4 pounds at 3 feet, or 
4 X 3 = 12 ; and 3 pounds at 4 feet, or 3 x 4 =s 12. 

These products ars^ called the momsnte of the force, and it 
is important to observe that any two forces applied to a body 
supported on an ^iis, and tending to tnm it roun^ will be 
in equilibrium when the moments of the two forces oro the 
same. In like manner if the moment be doubled or halved, 
or increased or decreased in any proportion, the eflScaqy of 
the force in taming the body rouni^ the axle is doubled car 
bilv^ ov lnfiTOMod or doonoMdf in ouotly tho Mbmo pio> 
porUon. For ozun^o, if the weight of 12 poond. in the 
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last example^ titnated at 1 foot from tbe axis, be brought 6 
inobee nearer that axia, its moment is redooed one half, and 
to produce equilibrium, tbe moment of the weight of 6 
pounds on tbe other side of tbe axis must be halved also, 
either by bringing it to foot •from the axis, or by re- 
ducing its weight to lAree pounds ; or if Ihe oounterbalanoing 
weight be at 3 feet, it will be 2 pounds ; or if at 4 feet, it will 
now be ; and it will be found that each of these weights, 
multiplied into the distance, will equal 6, as tho weight on 
the other side (12 pounds) x its distance (} afoot) ss 6. 

26. It may be evident also from what has been said, that 
by incrcjising the number of forces on each side of tho axis, 
the body will be in equilibrium, provided the sum of the mo- 
ments on one side of the axis equal the sum of the moments 
on the other side of the axis. For instance, suppose that on 
one side of the axis we have three weights, a, B, c ; a of 
2 pounds, at the distance of 2 inches ; n of 8 pounds, at the 
distance of 3 inches ; and o of 3 pounds, at the distance of 
5 inches. ^00,^04 of a it 2 x 2 4 

The moment of B it 3 x 3<a 9 
The moment ofcit3x5wl5 • 

Then the turn of the momenta OB') 

r w28 

one tide of the axil • . . • J 

Now, suppose that on the other side of tho axis we havW 
two weights : D, of 4 pounds, at the distance of 4 inches ; and 
E, of 2 pounds, at the distance of 6 inches. Then 

the moment of d it 4 x 4 ■■ 16 * 

and the moment of i is 2 x 12 

and tbe tnm of the momenta on 1 
the other tide of tbe axit . • J ** 

Hence, if several forces tend to turn a body round its 
axis, they will be in equilibrium if the sum of tbe moments 
of those forces which tend to tom it round in one direction, 
be equal to the sum of the moments of the forces which tend 
to torn it round in the other directicm.* ^ 

* It may hem be stated, that in order to measitre tbeeflbcCi offofeca,or 
to And a reanhaBt, an imaginary axia ntay be aatumed anywhere in or out 
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27* Ab tbe princtfile which wc are now illaatraiing 10 the 
nioafc hnportant in the whole range of mechanical science, and 
may indeed be considered as the basis of mechanical science, 
it is desirable to illustrate it by another method. If two 
weights in equilibrium, as in Fig; 16, at the extremities a 
and B of a bar supported on an axis a, passing through its 
centre of gravity, be made to oscillate gently through a small 
Bi>ace, it is evident that the spaces moved tbrongh by the 
two ends of the bar will bo directly as their distances from 
tbe axis ; for, the angles xam and Ban being equal, the 
arcs A tn nnd b n, are as their radii a a and a b. For in- 
stance, if the weight b be 12 {«<>unds, suspended at 3 inches 
from A, its moment may be expressed by the num{>er 36; 
and it will be balanced by a weight of 6 pounds^ 6 inches 
from A, because its moment is also 36. Now if these two 
weights bo made to oscillate through a small space, such as 
B m, for the weight which descends, and a n, for the weight 
which ascends, the latter space will be only half the former, 

^jmeanse it bears the same ratio to a B (or 3 inches) that a m 
bears to a A (or six inches). 

, llonce, if B n be one inch, a m will bo two inches, and 
tho products of these two quantities, w^itb their respective 
weights, will be equal to each other ; that is, the effect of 12 
pounds moving through 1 inch, or of 6 pounds moving 
through 2 inches of space, is the same* And though we are 
not now couoemed with motions, but with pressures, the 
same principle applies to them* Any two pressures, how- 
ever unequal (a pressure of one pound and one of 1,000 pounds, 
for instance), will balance each other, if they are so applied 
that the motion of the first through 1,000 inches would be 
necessarily accompanied by a motion of the second through 
ofts inch, and eics esrsd. Any means by which this connection 
between the two pressures is effected, is called a maehins, 

• 

of the body, end then the diatances of tbe forces being measured firom tbii 
imagint ry axis by perpendioulan let fill frsm it apon tbmr respective 
direotiona, the prinoiple of the equality of momenta obtains in rcnpnnt |o 
those foroes about that imaginary axis. 
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IT. TBB MBOSANICAL POWERS. 

28. The principle which has thus been illustrated (27)^ is 
known under the name of the principle of mrti€al pelodiiei^ and 
is that uliich regulates th# action lind constitutes the efficacj 
of every machine in which power is employed to overcome 
weight or resistance. In the composition of niaohines, it is 
usual to speak of six tnerJianical posters ;* namely, the lever^ 
the tr^el and axle^ the pulhy^ the inclined plane^ the 

and the nereit ; although in reality these contrivances are 
but ai^plications of the principle of virtual velocities, whereby 
a smalU force acting through a large space is converted into 
a great force acting through a small space. But in this 
there is no gain of power, neither is there any loss ; the od-* 
vantage is in its application. Every pressure acting with a 
certain velocity, or through a certain space, is convertible 
into greater pressure, acting with a less velocity, or through 
a smaller space ; but the quantity of mechanical force is not 
altered by the transformation, and all that the luechanieol 
powers can accomplish is to f^ffect tliis transformation. 

29. Before proceo<ling further with our subject, it may be as 
well to notice that tlic laws of mechanical science are founded 
on the principle, explained -at page 16, note, of considering 
the various properties of bodies (as weight, rigidity, elasti- 
city, 8rc.) apart from each oiher^ before attempting to put 
them together, as they really exist in natural bodies. Thus, 
in the above reasonings on bars or levers, we Confine our 
attention at first to one property — vi*. their rtyfA'^y, neglect- 
ing the effects of flexibility, &c. ; because these effects can 
afterwards be separately considered an<UaIlowed for. Thus, 
in order to facilitate ^e study of Mechanics, and even to 
render It possible, it is necossaiy to assume, at first, a per- 
fection which does not exist. The effects of forces, as they 

* More properlf , meekmdoal elmentt, or rimpir by the 

oombinatkm of which, sU other mscbioei are formed* 
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are modified by maohines of varioaa kinds, could not be 
studied, without some provision of this kind ; thus, cords and 
rods, or levers, which are machines of the simplest kind, are 
considered as without weight, the cords perfectly flexible, 
and the levers perfectly tigid. ^n short, bodies must be 
<leprived of one or*more of their essential properties, or 
mechanical problems would be too complicated for solution ; 
but having obtained a solution on these terms, we are then 
in a condition to modify the result by considering the effects 
of friction, adhesion, weight, elasticity, compressibilitf, and 
such like elements, which had been omitted in the first solu- 
tion of the problem. 

30. The Lever , — ^Tho lever is a bar or rod, supposed to be 
perfectly rigid, and without weigbt. It may be atraighi or 
hent^ empU or compound* Wo shall confine our attention 
oliiofiy to the simple, straight lever, of which there are com- 
monly reckoned three kinds or varieties, depending upon the 
|K>sition of the points of application of the moving power, and 
the reeie^ng power, with respect to a certain fixed point 
called the/afermi, abont which the lever is supposed to turn 
freely. The portions of the lever situated on each side of 
Hie fulcrum are called the arms of the lever. 

31. A lever of the first kind is represented in Fig. 17, 1., in 
which the fulcrum f is situated 'between the moving power 
F aud the resistance or load w. 

Fig. 17, II., is a lever of the second kind, in which the 
mover f, and the resistance w, act on the same side of the 
fulcrum; the load moved being between the fulcrum and 
the mover. 

Tu a le^’^er of the third kind. Fig. 17, HI., the mover and 
tho load also act on*' the same side of the fulcrum, but the 
mover p is between the fulcrum f and the load w. Hence, 
in considering the lever etaticallg (or when the two forces 
lire balanced^ there is no difference between the second 
and third kind ; for, as we are not supposing any motion 
to be (froduced, neither force can be regarded aa the mover 
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or tbe moved. To produce motion, it is Messary that one 
force should prevail, and then the lever will become a lever 
of the second or the third kind, according as the force nearer 
to or further from the 
fulcTUTO prevails. Thus 
Fig. II. is a lever of the 
second kind, and Fig. 

TIT. of the third kind, 
only ’ij^hile the weight 
w, in each case, 

lifted : but when 
w IS btfing loitered^ it 
becomes the movery 
and p tbe moredy so 
that F\g, II. bocomes 
a lever of the third 
kind, aud Fig. III. one 
of tlio second kind. 

32. From what has 
been already said (25), 
it is evident that, in 
all these levers, the 
power p will sustain 
ilie weight w, provided the moment of p be equal to that of the 
weight. Thus, in the lever of the first or second kind, if w be 
1 2 lbs. at the distance of 3 inches from f, its moment will be 
36, and it will be balanced by Pss6 lbs. at the* distance of 
6 inches from f, or by p =; 4 lbs. at the distance of 9 inches 
from F, and so on. Or, if w be 12 lbs., as before, and be stiu- 
ated at tbe distance of 3 inches from tl^ fulcrum, its moment 
will be 36 ; consequently, a power of 3 Iba at the distance 
of 12 inches from tbe fulcrum, or 2 lbs. at the distance of 
1 6 inches, will produce equilibrium. 

33. Levers of the first kind are in very common use ; such 
are a crowbar, used Ibr raising stones, and a poker, ^ised for 
raising the coals in the grate, the bar of the grate being tbe 

o 3 
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fulcrum. The common crowbar is sometimes used as a lever of 
the first kind, os in^ig. 18 ; sometimes as a lever of the second 
kind^ as in Fig. 19. The former is tlie case whenever we 


Fig, 19. » ^ Fig. 19. 



press downward* to lift the lo*'«f, and the latter whene\er we 
press upward*. Now, in either figure, a man at p pressing 
the long arm of the lever, U able to raise the weight of the 
stono A or B, provided that weight do not exceed his pressure 
on p, iu so groat a ratio is tho distance P / exceeds w /. 
If a pressure of 50 lbs. at P lift 300 lbs. at w, then p must 
move more than six times the distance that w rises ; fur, if it 
move only six times that distance, the pressures of 50 lbs. and 
300 lbs. would balance each other. Thus, what is gamed in 
pressure is lost in distance moved through. If the man applied 
his power halfway between /and p, he need only press through 
half the distance, to produce the Qaine effect on the stone, but 
he must exert twice tho pressure. 

34. We have an instance of tho lovor of the second kind 
ifi a chipping-knife, fixed at one end, which is the fulcrum ; 
tho wood to be cut is placed under it, and is the load, or 
resistance to bo moved or overcome, and the power is the 
hand of the workman at the extremity of the blade. A 
w hoolbarrow is also ^ lever of this kind, the wheel being the 
fulcrum, the contents of the barrow the weight, and the 
man n heeling it the power. In the oonunon form of wheel- 
barrow, the load is made to incline as much as possible 
towoi'ds the wheeL This, of course, is an advantage, because 
the man bears as mnoh loss of the load as its centre of gravity 
is nearer to the axle of the wheel than to his hands. An oar 
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may also be regarded as a lerer, bni to explain its action folly 
would lead us £ar from our present subjeet* 

35. In a lever of the third 
kind, as the fishing-rod, in Fig. 

20, if w be 12 Ihs. at a dis4auce 
of 9 foot from the fulcrum 
its moment may be expressed 
by 1 08. To keep this in equi- 
librium by a power nearer to 
the fulcrum tluin the weight is, 
such ns p at the distance of 3 feet, would reqi^re a force of 
36 Ibs.^ (because 3 x 36 = lOS), or, in other words, the 
power is, in this case, throe times the weight or resistance ; 
and, in all levers of the third kind, the power must exceed 
the losul s hence they are never used whore a great weight is 
to be liilted, or a threat resistance overcome, but only when i| 
is required to Inove a small weight through a greater diMtanoe 
than it would be convenient to move the baud through. 
From the principle of virtual vclocitiee, before explained (27), 
it will be evident that the advautage of this kind of lever is, 
that it commands speed, luther thuu force. • 

36. The symmetry and compactness of the frames of 
animals depend on the fact, that all their limbs are levers of 
the third kind. The lifting of our foicarm and hand through a 
oousiderable space (say a foot), is effected by the power of a 

* As there is no fixed falcrum, the easiest wbj is to regyd the oar m 
being circumstanced like the ngid line a a' in Fig 15, which is acted on 
by three forces, vir. a b, the hand of the rower, a' b', the resistance of 
the water against the blade, and a p, the reHisiance of the water against 
the bow of the boat (transmitted through the float's side to p) ; but, as 
this lost is not equal to the sum of the others, it is overcome by them « 
and, as its pomt of application, p, is not situated in their resnitant, they 
do not balance each other, but a b prevaib over a^ B^ as in a lever of the 
first kind, having its fulcrum at that point between pand a' which remains 
Btacionary during the stroke ; and the same point may also be considered 
as the fblerum of alever ofthe seeond kind, by wtdeb the power ag AOfer* 
comes the resistaiioe at p. 


Fig. 20. 
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mnaole applied yeiy near the fulcrum, or elbow, and moTing 
through a yeiy much smaller apace (say an inch). This 
muscle must then exert 12 times the force with which the 
hand is moTod ; so that when we ose a purcha$$ (t. s. a layer 
of the first or second kind), in order to lift a great weight 
^ through a small space, by the motion of our hand through 
J 2 times that space, this is simjdy undoing what has been 
done by the natural leyerage of the arm. We might have 
dispensed with the lever, if the muscle had been applied to 
the extremity of our limb, instead of its origin, fiat what 
a clumsy contrivance would the animal frame have presented, 
if thus rigged with muscles, *ike a ship ! In fact, rigging 
presents us with an exact inversion of the muscular system 
of animals. The yards are moved throngli email spaces 
with'^rsa^ force, by the taking in of much ropo with 
comparatively little force. Tlie limbs, on the contrary, are 
moved through great spaces with little force, By tho contrac- 
tion of musdes through very mall siaices with much greater 
force. 

In raising a ladder by the usual method, it is a lever of 
4he second kind, while the centre of gravity is between the 
liands that raise it and the end on which it rests ; and when 
the hands pass the centre of gravity, it is a lever of the third 
kind. 

37. If the arms of the lever, instead of being straight, are 
curved or bent^ their length must be reckoned by perpen- 
dicnlars drawn from the fnlcrnm, upon the directions of the 
power and weight ; and when the lever is straight, if the 
power and the weight be not parallel in direction, the same 
rule must be observed. Thns Fig. 21 is a bent lever of 
the first kind, and Fig. 22 a straight lever of the second 
or third kind, according as the flag or the weight prepon- 
derates. In either figure, the fulemm is p, a a the diree- 
tion of the power, and b w the direction of the weight. 
If the^ lines a a and b w be continued, and perpendiculars 
F a and p drawn ftom Uie fulcrum to those liseiv ^ 
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moment of tbe power will be foond by multiplying the power 
by tbe line P and the moment of tbe weight by multiplying 
tbe weight by p b. If these moments be equal, the power 
will balance the weight* 


Pig. 21. ^g* 22. 



38. Many of the most UM^ful implements consist of l>ont 
double levers, or pain of levers, connected by a joint, which 
forms tbeir common fulcrum ; so that they require no external 
fulcrum, or resisting point, for each supplies the necessary 
resistance to tbe other. Thus scissors, pincers, snnflbrs, are 
pairs of levers of the first kind ; nutcrackers, of tbe second 
kind; and tongs of tho third kind* In the first, when tho^ 
blades are longer than the handles (as in shears), tliere is a 
gain of speed and loss of power ; but when the handles are 
the longer of the two (as in pincers), there is a loss of speed 
and gain of power. In the second this is always the case, and 
in the third, on the contraiy, poaer is always lost, and extent 
of motion gained. 

“ In drawing a nail with steel forceps, or nippers, we hare 
a good example," says Amott, *^of the advantages of using a 
tool : Isi, the nail is seized by tbe teetb o^steel, instead of by 
tbe soft fingers ; 2nd, instead of the griping force of tho 
extimne fingers only, there is tbe force of tbe whole band 
conveyed through the bandies of tho nippers ; 3rd, tho efieo- 
tive force is rendered perhaps six times more effective by tbe 
kver length of the handles ; and 4tb, by making the rngpers, 
in drawing the nail, rest on one shoulder, as a fulcrum, it 
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ocquires all tlie advantages of ibe lever, or daw-hammer, for 
the same purpose/' 

39. When the power is required to be considerable, and it 
Is not coDveuieni to construct a loug lever, a compound 
lever, or a eotnpoMon cf leve^ is eniployecL When a 
system of this kind*is in equilibrium, of course the ratio of 
the power to the load will be compounded of the ratios sub- 
sisting between the arms of each lever ; or, in other words, 
the power multiplied by the continued product of tho 
nltcrnato arms commencing from the power, is equal to the 
weight multiplied by tbe continued product of tbe alternate 
arms, beginning from the wc'irht. For example, in tbe follow- 
ing arraugemeot (Fig* 23) we have three levers, two of tho 
Fig. 2S. second kind, a f, 

a" f", and ono of 
the first kind, a' j /; 
and we will now 
consider the man- 
ner in which the 
power p is trans- 
mitted to the 
w^eight w. The 
power p, acting 
upon the lever a f, 
produces a down- 
ward force at 
which hears to P 
the same propor- 
tion as A F to B F. 
Thus, if AF be eight 
tbe power p. The 
arm a' f' of the second lever is palled down by a force 
equal to eight times the power at p ; and this will produce a 
force at B^ as many tim^ greater than a', as a' f' is greater 
than b' Thus, if a^ be 10 times b' the force at b' or 
A^ will be 10 times that at a' or a ; but this last was 8 times 
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the power, and therefore the force exerted at Af* will he 80 
times the power. So, also, it may be shown that the weight 
w is as many times greater thim the force at a!\ as a" f'' is 
greater than b'' f". If a" p" bo 6 times b" p", the weight w 
will be 6 times the force ah a'^ As we know this to bo 80 
times the power p, the weight, where there is an eqnilihriam, 
must be 480 times die power. 

The same result might have been obtained more quickly, 
by dividing the product of a f, a' p's and a!* p", by that of 
B F, F^ and b" f". Thus, if the three former distances woro 
16 inches, 20 inches, and IS inches; and the three latter, 

2 inches, 2 inches, and 3 inches; then (16 X 20 x 18) 

(2 x 2 x 3) = 480. The ratio of 480 : 1 is said to be 
compounded of the threo ratios of 8 : 1, 10 : 1, and 6:1. 

The trei^hxng^machine for tnrii pike -roads is formed of a 
ooinpositiou of levers. It is chiefly need for weighing 
waggons, to ascertain that they are not loatled beyond 
what is allowed by law to the breadth of their wheels. It 
consists of a wooden platform, placed over a pit made in the 
line of the road, and level with its surface ; and so arranged, 
09 to move freely up and down, without touching the walls of < 
the pit. The lovers upon which the platform rests are four ; 
viz. A, B, o, D, Fig. 24, all converging towards the centre, and 
each moving on a fulcrum, at a, b, c, b, securely fixed in each 
comer of the pit. The platform rests by its feet, a’ d dT, 
upon steel points, a^he^d. The four levers supported 
at the point f, under the centre of the platform, by a 
long lever g k resting upon a steel fulerum at f, while 
its further end o is carried upwards into the turnpike 
house, where it is connected with one §ltm of a balauoe, 
while a scale, suspended from the other arm, carries the 
counterpoise or power, the amount of which, of course, indiip 
cates the* weight uf the waggon on the platform. Now, as the 
four levers a, b, o, d, are perfectly equal and similar, the effect 
of the weight distributed amongst them is the same as ii the 
whole weight rested upon any one. In order, Aerefoie^ to 
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ascertain tlie conditions of equilibrium, we need only con- 
sider one of these leven, such as a F. Suppose, then, the 
distance from a to f to be 10 times as great as that from a 

Fig. 24. 



to o, a force of 1 lb. at f would balance 10 lbs. at a, or on the 
platform. So, also, if the di9tanGe from e to o be 10 times 
greater than the distance from the ftdcnim e to r, a forco of 
1 lb. applied so as to raise up the end of the lover g, would 
counterpoise a weight of 10 lbs. on f ; therefore, as we gain 
10 times the power by the first levers, and 10 times more by 
the lever e g, it is evidont that a force of 1 lb. tending to 
raise g, would balance 100 lbs. on the platform. If the 
weight of 10 lbs. be placed in the opposite arm of the 
balance to which g is attached, this 10 lbs. will express 
the value of 1,000 lbs. on the platform. When the platform 
is not loaded, the levers are counterpoised by a weight 
applied to the end ^f the last lever. 

40. The Balance. — ^One of the most useful and interesting 
applications of the lever is to the balance^ which consists 
essentially of a lever of the first kind suspended at its centre^ 
and consequently having the two arms equal This lever 
is called the heam^ a b. Fig. 25 : the fulerum, or centre of 
motion, on which the beam tnms^ is in the middle ; and the 
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two extremitios of the beam, called the paint$ of suipentwn^ 
serre to sustaio the paee or ecalea : ^ ia the centre of grayity 
of the beam ; and this ahonld be aituated a little below the 
fulcrum, for if it were to 
coincide therewith, that ia, ^ 
if the centre of motion and 
the centre of gravity were 
aituated in the aamo point, 
the beam, aa we have aeen 
(22), would reat indiffe* 
rently in any position. 

If, on the contrary, the 
centre of •gravity were above the centre of motion, the leaat 
disturbance would cause the beam to upset. 

The points of auapension should be aituated so that a 
atraighf line a b joining them ia perpendicular to the line of 
symmetry formed by joining the centre of gravity y with 
the centre of motion fit. 

The direction of the line m ^ ia shown by a needle or 
index attached to the beam, which in delicate balances 
moves over a graduated arc. This needle may proceed 
either upwards or downwards, provided it be in the vertical 
of the centre of gravity. When the needle points to the 
zero line of the arc, which is of course also in the vertical of 
the centre of gravity, the beam must be horizontal. But by 
means of this index we can also ascertain whether equrli- 
brium has been attained, without actually waiting until the 
beam comes to rest. While the beam is oscillating, if it 
really be in equilibrium, the needle will describe equal arcs 
on the graduated scale on each side of the zero point ; whiles 
if either scale be overloaded, the needle ^ill move through 
more degrees on one side of the scale than on the other. 

41. In a perfect balance, all the parts must be symmetrical 
with the oeutre of gravity ; that is, the parts on either side 
of this point mnst absolutely equal. Such a state of per* 
' fection, however, cannot be attained in practice ; the two arms 
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oannot be made perfectly eqnal ; all that the moet ekllfol 
maker can do w to render the Inequality rery small. When, 
bowerer, it is neoewary to obtain a very exact result, the 
error occasioned by tbo inequality of the arms of the balance 
can be avoided by the ingenious ^rtifioe of double weighing^ 
invented by Borda.* To weigh a body, is to determine how 
many times the weight of this body contains another weight, 
of known value, such as ounces, or portions of ounces. 
Place the body, which we will call m, in one scale-pan, 
A, Fig. 25, and jneduce eqiiilibrium by placing in the other 
soale«pan, b, some shot, or dry sand, or other substance in a 
minute state of division, so th 4t very small portions may be 
added or sobtraoted, as occasion requires ; by tins means 
the needle can be brought exactly to zero, thereby indicating 
the horizontolity of the lieam. This being dune, we Remove 
tho body m, and substitute for it known weights, such os 
ounces and portions of ounces, until the beam is again hori- 
zontal. The amount of this weight will express exactly the 
weight of the body ac, because these ounces, &c., being placed 
under exactly the same circumstances of equilibrium as the 
body M, produce exactly the same effect. 

By this method, then, it is not only possible, but easy, 
to weigh truly with a false balance. Under ordinaiy cir- 
oumstances, an error amounting to a fraction of a grain 
would be of no conscqueuco ; but, in weighing for the 
purposes of ohemioal analysis, an error amounting to the 
thousandth of a gnin might be of importance ; hence, this 
method is commonly adapted in such investigations. 

42. In ordinary scabs, one can readily ascertain whether 
the point of support is in themiddb of the beam, by changing 
the scale-pans whin the balance is in equilibrium. If the 
horizontal position is disturbed by this process, the two arms 
are not of the same length. A &Ise balance can also be 
detected by shifting the weights which prodnoe equilibrium : 
this also will destroy the horizoutal position of the arms, if 
they are sendbly unequal. But this method also furnishes 
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the means for asoeitaining tbe true weight of the mibstanee. 
Some persons are satislied with taking the arithmetical 
mean* of the two weights found in this manner ; but this is 
quite erroneous, and will always give too high a resoit. As 
the body is over estimated in one weighing in the iame ratio 
that it is Under estimated in the other* weighing, the true 
weight must plainly be the geometrical mean f between the 
two false estimator 

43. The BtahiUtg of a balance is its tendency to return to, 
and oscillate about, tho position of rest, after being disturbed. 
The position of the centre of gravity below the point of 
support ^determines the stability of a balance. Stability is 
fur more easily attained than eenMihtg^ or tho tendency of 
a loaded balance, when poised, to turn wb6n a very small 
additional weight is placed in cither scale. If there were 
no friction, the s(^le would turn by the addition of the 
smallest weight Friction is diminished as much as possibid 
by placing the bean 
upon the support by 
means knife edges, BHIIIIIIH 
the 
also of 

the same material. IBHBHBBHHHBBHHBBSI 
See Fig. 36. 

The stability and sensibility of a balance are ascertained 
by the following means. First, as to the stability of one 
halanoe comparetl with that of another. A small amdunt of 
disturbance being given to both, such as one degree, if the 
force with which tho first endeavours to recover its position 
be doable or triple that of the second, the stability of the 
first is double or triple that of tho second# lo compare 
these forces, the weight of both scales, multiplied into c o, 

* The anUmedcri mesa of two queatitiM, a and A, li half their aom, 
or|(e4>A)# 

+ The geometrical mean of two qnantitiea, e and A, ia the squue loot of 
thdir prodact, or 
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or the disiauee between the centre of motion and the inter- 
aeetion of the line drawn tfarongfa the points of enspennon with 
the yertioal through the centre of motion, mnet be added to 
the weight of the beam, multiplied into o o, or the distance 
between the centre of motion and jhe centre of gravity of the 
beam. For examplh; suppose that in two balances these 
quantities are as follows ; — 

fIMT BAtAnCMs MMO0MB mAtANGB* 

TheiroiAO • . 12mcbes» lAiachM. 

t» c o . . 2 „ 3 f. 

If c D * * 1 2 tt 

Weight of beam • 30 ounces. 50 ouncM, 

Weightof both •calfit21 ,, 30 „ 

In such case, the stabilit < s of the first to the second 
halanoe will bo as 84 to 210 ; because 24 x 1 + x 2 = 
84, and 80 X 2 + X 8 210. 

44. The sensibility is asccitained by ci^paring tbc angles 
tbrotigb wLicli very small equal weights incline the balances. 
Thus, if a grain put into a scale-pan of each inclines one 
balance 4 degrees, and the other only 2 degrees, the first 
is twice as sensible as the second. To compare the son- 
^aibilities, multiply the length of the arm of each by the 
number which represents the stability of the other in the 
rule given above. Thus, the sensibilities of tlie preceiiing 
balances are as 18 x 210 to 14 x 84, or as 2520 to 1178. 

The sensibility of a balance is also ascertained by observing 
the smallest additional weight that will turn it, and then 
comparing this addition with the whole load. Thus, if a 
balafioe have a troy pound in each scale-pan, and the hori- 
sontality of the beam varies by a small quantity, only jnst 
perceptible on the addition of -j^tb of a grain, the balance is 
said to be sennbJe to i igigeg th port of its load, with a pound 
in each scale, or that it will determine the weight of a tioy 
pound withki wh<deu Perhaps the most 

sensible balance ever constmeted, was that employed for 
verifying the national standard bushed, the weight of whieb, 
together with the 80 lbs. of water it should contain, was 
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about 250 lbs. TVith ibis weight iu each soale, the w1£Uob 
of a single grain oocasioned an immediate variation in the 
index of one-twentieth of an ineh> the ladius being 50 inches ; 
so tliat this balance was sensible to tTxi?nre^ 
weight to be determined. ^ ^ 

The following are the general rnles* respecting the sen- 
sibility of a balance : — 

1. Tbat^ all other things being the samc^ the sensibility is 
increased by increasing the lengths of its arms. 

2. Tbat« aU other things being the same, the sensibility is 
increased by diminishing the weight of the beam,* 

3. Tltat the sensibility is increased by diminishing tlie 
dlstancif between the centres of gravity and motion. 

4. That the sensibility is increased by diminishing tl>e 
distance of the line joining the points of suspension from the 
centre of motion. 

5. That iho sensibility is greater when the load is smaller. 

45. In addition to the balance with equal arms, there are 

various modifioutions of the lever of the flmt kind in common 
uoe for ascertaining the weights of bodies. Such is the 
instrument need by the ancient Romans, called the Homan 
srlaiera or iteelyard. It cousistn of a beam of iron, resting 
upon knife-edges or a pivot, with one arm longer than the 
other. Supposing the shorter arm, with the attached scale, 
to be sufficiently heavy to balance the longer arm, when the 
instrument is unloaded, the beam will of course be horisontal. 

* It hts been alreadj seen tbi^ the seuibiUtjr of a belsnoe depen^ 
on the sttspension at the IhlcnitD, or middle of the beam. It wUl ba 
perfect, in proportion as friction is diminished between this point and 
the plane whidi been it ; flnr the friotion, which issoKs from the super* 
•position of two bodie^ is a feres which ecCe In the direotion of thevr 
sorfeoee, and whidt ie hi oppodliM to other fercee tending to ditaeli 
theee eurfeeee from eaidi other. Ihus, the frictiim of the UlMgB on 
Ita must oppoeo the tnmisig of the beam ronod tliie point. 

TUh rotethm eeanot take plaee without detaebuig tome part of the 
knife-edlgs end its support from esfch other. The fern required Uhover- 
coan tfaoh adhnhm Is, as ws have seen, s BNMwre sf llw 
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The aalietanee to be veiled, w, is snspeDded from a hook 
B t laobed to the shorter arm, end aconstant weight, p, is made 
to (dide upoii the longer arm, nniil equilibrium is established. 
Koir we know that in the lever the condition of equilibrium 
is, that the weight w, qpultiplied hj its distance from the 
falerum, is equal to the power or counterpoise r multiplied 
by its distance from the fulcrum. Now, as the distance of 
the weight from the fulcrum is constant, and as the cuunter- 
poiae is also oonstant, it is evident that in whatever propor- 
tion w is increased or diminished, the distance between p 
and the fulcrum must be increased or diminished in the 
same proportion ; thus, if w be doubled or trehlcd, the 
distance of p from the fulcrum must also be ddubled or 
ireUed. 

lienee the principle ujion which this instrument is 
graduated is sufficiently simple. Suppose the instiumcut is 
first to be graduated for weighing ponnds. A pound weight 
Pig 27. placed in the scale, 

and the oounterpc^isc 
moved towards the 
centre c, Fig. 27, un- 
til the beam is hori- 
sontal. A mark is 
then made with a 
file at €. A second 
pound is then placed 
in the scale, and the 
counterpoise moved 
from Gf until the beam is agam horisontaL A second mark 
is then made; ^aficr which, the Bhole length of the arm is 
marked wif|i dimsmBS of the same length as that between the 
first and sccoiid divisiMis obtained expenmentalty. Of course 
tli4tiumber''4ff any division from o will express the number of 
|Mmndiij^i<di p, resting on that division, will 

sustain, and this is the weight of thejkidy y» 

9lie ehove jllestiation is inlsndedi to snow the pcineiple 
of tbs inslnimeat, rather then to describe that in eomiinm 
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nae. In nn ordinaiy BtoeljKrd, the centre of gnvity ia not 
at the fulcnmiy eo tW when the weight f is removed, the 
longer arm nenaJly prepraderatee ; henoe the graduation 
must be commenoed, not from o, but from some point 
between s and o. Those, howevgr, are niatters of detail 
which will be found treated of ful^ in larger worka The 
groat oonvenienoe of the steeljard ia in its requiring only one 
weight. When the substance to be wrigbed ia hearier than 
the constant weight, the pressure on the fulcrum is lest than 
in the balance, because with the latter, equilibrium is only 
produced by a weight equal to that of theliody to be weigbed ; 
it in the steelyoid a Im weif^l will snfliee. For example, 
balanee 10 lbs. in a pair of oommon seales, we must have a 
weight of 10 lbs., making together a load of 20 lbs. ; but in the 
steelyoid a weight of 10 lbs. may be balanoed by only 1 lb., 
making together a lead of only 11 lbs. When, on the con- 
trary, the constant weight exceeds the substance to bo 
weighed, the pressure on the fttlcrum is^ course, greater in 
the steelyard than in the balance; hence the halanoe is prefer- 
able in dotormiuing small weights* 

When the counterpoise f is moved to the extreme end of 
the beam, it represents the greatest weight that the instrii* 
ment, as hitherto dosoribed, can fteterniine. There mm, 
however, two methods by which the same beam can he made 
to determine heavier woigliU ; lat, by having another pmnt 
of' suspension on the shorter arm, neavm to the fulcruini or, 
2ndly, by using a heavier counterpoisa* » » 

46* TheJDanuh balane 0 
(Fig. 28) differs from the 
steelyard, just described, 
in having the fulcrum P 
moveable, instead of tlie 
counterpoise P, which is 
fixed at one exixemityf 
while the body to be 
weighed, w, is snqieade^ from a hook adt the cthai 
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U 0 be tbe eealiB of gravity of the unloaded beam and scale* 
pan, tibe graduation inuat commence from that point, nnoe^ 
whoDthe iulcram*loop is there, it poises the unloaded beam and 
acale-pam By suspending from the hook at w, 1, 2, 8, See, 
pounds in soeoession, tberdivisions may be found to which the 
fulcrum must be x^nioved in*order to proj|pce equilibrium. 

47* TAs hmUheer balanes is also a convenient form of 
scale in whieh the wmght is constant It consists of a bent 

lever ▲ b o,Fig. 29, to one end 
of which a weight, c, is fixed, 
Mild to the other end, a, a book 
carrying a scale^pan, w, in 
uhioh the substance to be 
weighed is placed. This lever 
is moveable about an axis, 
B. As the weight in w de- 
presses the shorter arm B a, 
its leverage is constantly di- 
minished, while that of the 
arm o b is constantly in- 
creased. When 0 eounter- 
poiaes the wm|^t, the division at whioh it settles on the 
graduated arc expresses its amonnt. The graduation of the 
instroment of oonrse oommenccs at the point where the 
indsat aetdes when there is no load in w. The scale-pan is 
dbeu sucoessiTe^ loaded with 1, 2, 8, &e. onnoes or pounds, 
and the sneoesBive positions of the index marked on the 
are. 

48. Before we condade this section on the lever, it may be 
aaweU te netioe a common rule for determining tbe mscAantea/ 
or jmwr/of a roaohuie. This is said to be greater 
or less, aoeordiug as the ratio of the weight to the power is 
greater er less. Thos^ if the weight be 20 times the power, 
die meohanical elBoaqy is said to be 20; if 4 times the weight 
is Mual <0 25 timer ^ power, the |iieehaiiical efBcaoy ie y , 
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Ab tbe mediuiical efficacy of the leper admita of Mng 
varied at vleasore by varying the dktaiioei of the power 
and weight from the fulcrum, bo we may imagine a lever with 
a power equal to that of any given maohine; enoh a lever 
is called aU equivalent Ufety with rospeet to that machine. 
Ab all simple lUjachinee may be reprcBClbted by sfattple equi* 
valent levers, so the most complex maohine may be lepre* 
sented by a compound system of equivalent levers, whose 
alternate arms, beginning from tbe power, boar the same 
proportioii to the remaining arms. 

49. The principal use of thi ecmunoR lever is for fairing 
I jh^eights through small spaces, whirii is done by a series of 
i^^short iiftermitting efforts. After the weight has been raised, 
it must be supported in its new poritiott while the lever is 
re-adjusted to repeat the action. Ihe chief defect, therefore, 
of the common lever is want of mage end of the means of sup- 
plying continuous motion. This defect would he sopplied 
if the moving power, which in 30 ^ 

all fevers must describe an are 
of a circle, could be made to 
wove round tbe entire circle, 
and so continue to revolve for 
any length of time, still pro« 
ducing always the due pro|K>r- 
tioD of effect on tbe resistance 
to be overcome. Now, if tbe re- 
sistance be acting always iu one 
straight line (if it be a weiglit 
to be lifted, for example), there 
are many ways in which the ^ 

action of the lever may be rendered eontiimoiiB. Its riiort 
. arm may he repeated several times as the radii of a cin^ itid 
-CBirii of these mdii in succession may eatch and lift some part 
of theweight^orofaoontrivanceeonneeCedwith it. Thnswe 
get the machine called i^e ruck and jptmon (Fig. SO), in ijjbUk 
tliecentce,ot axUof motioa,es^ fomttfeelkdmmclaUrf^r« 
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whose longer arm o a is ealled the ftineA^ and describes a 
cosnpYete circle ; the shorter aim is repeated in the figure 
8 times^ forming the 8 leaves or teeth of the jnnum, and 
^ro is always one of these employed in lifting by one of 
its teeth the racA bo to which the load or other resistance 
is applied* Thus, as soon os one of these short arms of the 
lever has done its work, another is ready to supply its place ; 
and although each lifts the weight through only a very small 
space, the entire range is limited only by the length of the 
rock. But in lifting the weight through this range, the 
hand at a must describe altogether a space much greater, vis. 
in the proportion that the <*ircttmference A D p exceeds the 
height occupied by 8 teeth ot the rack. 

50. The flexibility of cordt affords another still easier means 
of increasing the range of action of the lever to almost any 
extent. By filling up the spaces between the leaves of the 
piuion, in the last example, we may convert it into a cylinder 
or barrel^ on which if a rope be coiled, and the load bo sus- 
pended from it, this rope will supply the place of tbe rack 
B C, and be wound up in the same manner. This constitutes 
tbe eommon windlan^ in which the weight hanging on the 
rope will exceed the force applied to the winch, and just 
Qiiy^porting it, in the ratio that the length of tbe winch, 
measured from its centre of motion, exceeds the mean radius 
of a coil of lepe, f* e. the radius of the barrel + half the thick- 
ness of the rope. 

dt. Thus the efiSciency of this machine^ tbe windlass, as a 
concentrator of force, in augmented either by diminishing the 
thickness of the band, or by increasing the length of the 
winch; bat the barrel would be too much weakened if 
diminished beyond^ a certain extent, and the winch becomes 
uselesa if lengAened beyond the radius of tbe circle which the 
hand and arm can conveniently describe. Hence arises a 
necesrity for multiplyii^ tbe lon^ arm of the lever and makiag 
it into several radii, m tbf nune way that the cfiorl arm was 
multiplied to form tiiepinioa or the &neL This lepetition oi 
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longer ann eonititiitei Ike wks^ wlUk k eommid/ 
reckoned ae tke $tcond einyik modlifie, alihoiight m we have 
•een (49), it ia only a paitkiikr modification of the vk. 
the lever. The advantage of the wheel over the tingle ^ke 
or wincdi ie, that howevei^long ile radiue, it can elwaya be 
turned oonUnuomly by a force whose adlion k confined to a 
email part only of the cifcnmference. Thk can be effected in 
either of the modee above deaeribed in the cate of the Aort 
arm — via first, by forming projections on the rim of the wheel, 
to be saocessively acted on by the power in the same way that 
the leaves of the pinion sncoeasively act on the xesktanoe ; Of 
^d^ndly, by passing a rope or band round the wheel. 

52. The latter affords an easy mode of exhibiting the pro- 
perties of this most important machine. For this purpose the 
power is nsuaUy represented by a small weight snqpended 
from a cord which is wound on the cireumierenee of the 
wheel ; and the resktanoe by a larger weight on a cord that 
is wound in a contrary direction round the axkb 

It will be evident, from an Inspection of ibis tnachhio, that 
its condition of equilibrium is precisely that of the levels; 
only, in this case, the power is multiplied by the radios o b , 
of the wheel, and this will be found equal to the resistance 
multiplied by the radios of the axle. for example^ the 
power be 1 lb. and the radios of the wheel 22 inches^ and 
the load 11 lbs., while the radios of the axle k 2 inches, 
there will be equilibrium, because the momeffls are io each 
case the same. (26.) ’ s 

We may also pipove tbe same thing by llbe prindfil^ of 
vlrtnal vdocilies (27), for in one revolution of tiie W'tkdi 
the power desoends through a ^eco ennal to the tironiah 
ferenoe of the whed, and &e wmght Cl mked 4hipn|^ a 
space equal to the eircamibrenoe of Ate aade. Bettpt^ the 
moving power, multiplied by the veloct^ of its moliiMi, k 
not less than tbe load moved, midtiplkd by the vdobtiy of 
its motion. ^ ^ ' 

53. The axle in the wheel k evidently not inkfmM&lg lO 

. m2 
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it# aetioii, M in tike case of the eonunon lever; bat the motioii 
ividoh thn power oommunieatee to the load, elthongb How, 
Ift ooDStaiit. Seooe it has been called the canHmiol or par* 
f$tU 0 l bear, and its meehanlcal efficacy depends on the xatto 
0 I tibe radios of the wheel to the radios of the axle, or the 
leiigfch of the lever by wUch the power acts, to the length of 
that by which the load rerists. 

54. Thepoweriaay be applied to the wheel in varions ways; 
such as by pins plaeed at vartona distances round its circum- 
ferencSy as in the wheel used to work the rudder of a ship, in 
whkdi case the hand is need ae the power ; in some oaaes the 
rim of the wheel is dispensed nlib, and a number of long ban 
are inserted in the axK as in Ihe huger kinds of windlass, in 
which the axle is nsuslly h<^iontal. In the capstan it is 
vertical* In either case the ndieel consists only of diverging 
spokes, rendered portable by a number of holes in the axle, 
into which men insert the ends of these spokes or Acmd-- 
spites. When the axis is horisontal, each hand-spike is 
removed from one hob to another, the weight being mean* 
white sostained by the action of a rateAet^Aeel^ When the 
Otis is vcrtionl, a number of men may work at il, pasbing 
the bare before them, and thus there need be no intermission 
of the power. An enormous weight may be raised in this 
way. 

The rateJkst or rackei-v^hed (Fig. 
31) just referred to, is a simple con* 
trivaiioe for preventiDg a wheel from 
taming except in one direction* A 
catch c plays into ihe teeth of the 
whed ▲ B, permitting it to revolve 
in the direction of e b, bat prevent- 
ing any recoil on the part of the 
weight or resisteace eodbraiy to the 
dtesetieu of the power* 

* By ipmeetittg Ac mas of Ae 
wheel b ptepectiou lo that of the 
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ftxle, forces of very dilTeieiil Inteniities may be balaneed ; 
but ae the larger fbnee inercaaea in magnitndei tbe aiae of 
the wheel is increaaed to an ineattTenient extent Heiioe the 
use of a oombination or system of wbeds atid axles. Now^ 
as the wheel and aade is only a medUIeation of the lever^ we 
may expect to find that a lystem of wbdds and axles is only 
a modification of the compound lever 'abeady described 
(89). Such is the ease) and the conditions of equili- 
brium ate also the same. The power b^ng applied to the 
oiienmferenoe of the finO wheels transmits its effeot to the 
oiroamferenee ef the first axle; this sets npon the cironm* 
^#enoe of the second wheel, which transfers the efleot to the 
^roumferenoe of the second axle, which, in its turn, acts 
npon the eiromnference of the third wheel, and this trans- 
mits its effect to the oiroamfeteoee of the third axle ; and thus 
the force is transmitted until it arrives at the eiictunfarenea 
of the last axle, where it enoonnieni the load or resistaaoe* 

56. There ate various methods by which the mrcumferencee 
of the axles are made to act upon the wheds. Smnetimes, 
by the mere friction of their snHhoes, the friction being 
increased* by cnttiog the wood so that the grains of the » 
opposed surfaces may mn in opporite directions; in other 
cases the surfaces are covered with buff leather; but the 
most usual method of tiansmittlog power in complex wheel 
work is by means of teeih or cqys raised on the surfaces of 
the wheels and axles. The word ieeth is ni^y applied to 
the cogs on the surface of the wbed, whSe t| 0 is*on tlm sur- 
fime of the axle are called hawHi and tjh# |brt of tbs axle 
from which th^ project is named a fbUMh M filtbady 
noticed (Fig. 80). In a train of wydis arranged 
(Fig. 82), the conditions of the eqnilibvtein hN the same 
as in a tidn of levcra (Fig. 28), that ie to say, the poans^li 
to the reaistattce w, as tiie oonrinued piodniet ef Urn imtB 
of the pittuma 5, c, is to the eontinned predoet of rarfg 

of Oe wbeds a, o, / ;rbns, if the pinbrno in hmi 

been rsspeetlTtdy 1, 2^ and 8 inebee fadins, and tibe lAieels 
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mpootiy«lj 9, and 12 inohes ndina, then 1 x 2 x 3 = 9» 
Mid 8 X 9 X 12 s 864t or« in other words^ a power ex* 
preaewd by 6 would oonniefbalance a weight, or operoome a 
lawatanee, equal to 864. 

When a qratem thne oonf»tiiicted is in notion, the leaves of 
the pnion most pass in suooession between the teeth pf the 
wheel ; eonseqnently, the ciioom&renoes of the wheels and 
pnions most bear a oartmn proportion to the nombers of 
teeth and leaves; and as the mreitm&jrenoso are as the radii, 
the nmnbeii of the teeth or leaves must be prv^rtional to 
the radii Henoe, in assigning the condition of equilibrium, 
the number of teeth and leaves most be substituted for 
the mdU of the wheels and axles mentioned above, 
otherwise there might some doubt as to the real or 
efFeotive radius of these bodies vis. to wbat part of the 
toothed mrcumference it should be measured. This is known 
by dividing the distance between the centres of the wheel 
and pinion into as many parts as there are teeth in both of 
them iogethe^. Thns, if the wheel have 51, and the pinion 
10 teethi than* the afooe between their eentres being divided 
into 61 psri% ffaetenth division from the centre of the pinion, 
or tha tfty-Sxst from the centre of the wheel, will mark the 
extant of both thw ^ective radii ; and two cirdes drawn with 
theas radu, so as to touch at tiie said diyidou, are cslled the 
or jnteA^circU^^ which, as will presently be seen, 
foidlflh* Vtaes fi>r determining the form and sue of the teeth* 
In Iherefere, the eonditioii of equilibrium is, as 

axpmndl fif ^ lado afaova, that dbe power moltipUed by the 
pradugi of the numieii af teeth in ail the wheels, is equal to 
the tgr the prod|el pf tha number of leavep in 

all the ds in some of the wheds and 

axles ei^ tialh, and olhtiiiiw ^ effective ladii of 
the fonaer being maasuiedfiomthsircentm to thdridt^ 
thoeecf tImlatiMemt bemsaanred fom^ihdr oentia to the 
iniddlB of the ihiduioni^of lim apu^ 

57. The law of virtoal velocities (27) applies also to coai-> 
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plex wMUirork. Tlio ieeili and kavot being eqUid, tU 
dmxmfeienee (us» the pitdh«>liiie) of each whed luovee 
witb iho tame reloetiy as that of the piaioa by which it is 
driven. Nov, ns each wheel revolves hi the same ttsie with 
its axle^ the volocitiea uf /heir eiioamfemehs are as their 
effective ladii or siiinbers of teeth. Hhnee the velocity vi 
the power, or the velooity of the eireomferenoe of the tot 
wlieeh is to that of the dfst axle as theif ladiL But the 
velocity of the cTieamferexioe of the fiiat pinion n ei|ual to 
the velooity of the eircumfeieiioe of the seeond wheel, which 
is to that of the second pinion as their radii ; and by caleu- 
^ting in this way to the end of the tiain, H will be found 
that thd velocity of the power is to that of the load as the 
|iroduot of the radii of the wheels the product of the radii 
of tlie pinions ; or that the power, muliiplted by the velocity 
of tho power, is not less than the load multiplied by the 
velocity of the load. 

For example, in Fig. 

32, let the number of 
leaves on the axle 6 of 
the first wheel a be 
six times lees than the 
numbw of teeth in the 
circumference of the 
second wheel s, so 
that the wheel may be 
turned only onee by 
every six turns of the 
axleh. In like manner 
the seeond wheel s, by 
turning rix itmes, turns 
die third wheel /only 
once; eo that tito first 
wheel tans tUrty^doc 
tioM kg tgijtggg *w« rf uul a* ib« 

^unetvr of tbe vlMel 0 to wUdi dw jpowor b onMd is 
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tluM ttntM BA gfetA BA that of the aide d, which bean the 
weight w or the rmiAtanoe, d x 36 =: 108. So that 1 : 108 
M in thiA ease the ratio between the velocities w and p 
when moving, and coneequenttjr between i^ieiT weights or 
presBures when in equilibrium. ^ 

58. But BA neither this, nor any other ^tem of machinery 
(except that of ample levers), is ever used for but 

always for oommunioating we must remember that 

the conditions of equilibrium only inform us what degree of 
&rce applied to one part of the machine will balance a given 
resistance at another part But before motion can be pro- 
duced, there must, in addition to this, be a rednndanoy of 
one force over the other, sufilmeDt to overcome ik^'friction 
and other passive resistances, ilie determination of which, as 
well as of the rate of motion produced, belongs to dynamics. 
Now, as the levers (in Figs. 26, 22, 24) become levers of the 
second or third kind, according as the slower-moving or 
quicker-moving force preponderates, so the train of wheels 
(Fig. 32) serves to concentrate or diiTase force aooording as 
p or w preponderates ; for in one case a weak force, by acting 
through a great space, is brought to hear upon a powerful 
resistance ; in the other, a great force moving through a 
small range expends itself in moving weak resistances 
through great spacest. Thus, when a heavy weight hanging 
from a crane descends, it drags the winch round with extreme 
rapidity, but with so little force, that the pressure of a child 
may not only kecq) it from turning, bat reverse its motion, and 
so raise the weight. Hence power is concentrated when the 
pinions turn the wheels, but dkjfuwd when the wheels tnm 
the pinions. Thus the former arrangement is used in a 
cra^M to gain powHr, the latter in a clock or watek to gain 
extant of motion. In dne nukchine^ many large turns of the 
handle ore necessaiy to lift the weight a few inches : in the 
others the* descent of the weight a few feet, or the recoil of 
the spring through three or lour turns, suffices to cany the 
eecoifda hand through 10,680 cr 1,445 rej/dutionsi. 
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In machines where this inereaMt of moUoii is ilie objeeti 
and where no exact preportioD between tte nlotioiui is neoea^ 
saijy tha qrsiem of teeth br cogs is aeldoiii nsed^ but the esin* 
mameation of fbotion Jrom a huge Wheel to a small one is 
effected in a better as welUas cheaper manner by a $irap not 
endZsM h^nd pa&dng over them both, l^hegr may thus be at 
any distance apart, and may turn either same way or 
oontrary ways, according as the strap does or does not cress 
between them ; whereas a toothed wheel and its pinion must 
always turn in contraiy directions. The strap may also be 
conducted over pulleys in any directioti. 

60. Since wheel-woHc is used, like other machinery, to trans- 
mit and* modify force, it is often a matter cf nice calculation 
and contrivance that the precise effect intended should be 
aecomplislicd, especially in watch and clockwork, where the 
object is to produce uniform motions of rotation, in times 
which are exact mnltiples of each other. 

In ordinary wheel-work it is usual, in any wheel and 
pinion that act on each other, to Use numbers of teeth that 
are /rrtms to each other,* so that each tooth of the piuion 
may encounter every tooth of the wheel in tam ; by which 
means any irregularities will tend to diminish by constant 
wear, instead cf Incrsasti^, as they must dOf in watches 
and docks, where the above plan is evidently inaf^licable. 
In these, as wdl as in all other systems of wlml-work, great 
attention most be pmd to the forms 
of the teeth and leaves, otiberwise 
there will be a jdting, grisk^tag lo- 
tion, which would end in their mt- 
tual destruction. The taetii Aoiihl 
be formed fo such a manner that^ 

{hose of ene whed press in e Stws 
tien perpendicular to the ra^ sf 
tiieotihcr wheel; that i% the paussare 

* KumhamprtomeMkettnrwesutiisshsyiwmpr^ 
eampt 1/ 
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dionld be tmiff 0 ntial to the wbeei^ «e tbe liiie« i, Fig* 38» or 
tangentMl to the pbioa, ae the line a b* It ia deo derimUe 
that doriag the entire action of one tooth npon another, 
the direotion of the preaenre ihonM be the aame, ao as 
to piodnce a uniform ^ec^t, bj acting with the aame lever- 
age. The teeth dpuld be ao formed that one may fo// 
Upon the other, and not rub or aorape.* It ia also of impor- 
tance that aa many teeth aa poatible ahould be in contact at 
the aame time^ ao aa to diatribute the preaaure amongst them, 
and ihna to diminish the presanre npon each tooth. Hence 
pinions of leas than 10 or 12 leaves are objectionable ; but 
there is, of course, a limit to the multiplication of teeth, from 
thmr becoming too thin to withatand the pressure. It ia also 
desirable that the same teeth in the wheel should be engaged 
as seldom aa possible with the aame leaves of the pinion which 
works it If, for example, the number of teeth in the wheel 
were 60, the number of leaves in the pinion 10, each leaf of the 
pinion would engage every tenth tooth of the wheel, and 
would always we^ on the same six teeth with every revolu- 
tion of tiie wheel. In clockwork this is, of-oonrse, unavoid- 
e lUa oemplete attshuBeiit of tU Uiete conditioQs at the same time 
isiaipSWWti vefjr profound analysis has been found necessary to 
dStlgVdaa mitt forn^ of teeth will secure the nearest approach thereto. 

pnrposee, the uriepoM (or curve described by a point in the 
ftt|iS<nforriiCa of a iniiU drefo rol/mp round the nm of the wheel) has 
faild |i6pCisd ; and for otiwis, that the side of each tooth should be an 
fotplaff firom the jfftAk-JSat (that is, that it should be described by a pencil 
ooMtaed hjt d ^ i* unwtmdl from that line). When the teeth 
aid will approach to a circular are. In all cases, 

thi tsedl ^he same distance de^oiui the pitch-Une, that 

thilr intemhi rsnede esitht'n it ; and the portions of their sides situated 
within thII'siHie am usuUj mads atraight and radiaL T1» conditions 
shsfs SMsitidnsdiih Isas attsinsble in pimons than in wheds, and itiU 
km in proportion as ths lesvss sro fower. Hence, the best form of 
pittkn, whili great strsagCh ia not lequired, if that called the fnsuf/e or 
fsnitm pillion, whkh ooMists of two discs, oonnected near their dreum- 
foiOHta by 6 or 10 OfUadrioel rode, which serve instead of leaves ; and if 
tiMMba nude to ton freely on their asee, Um roping umtion k inso^ 
wllth othar advantngea. 
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•Ue, M ffmtntlfy ctmiriot io M tke nmiet ^ 

UM i$ juBi tm mm ikm a umher iffjUA « #M 0 % 
ift (ii mmJkr tf Uwom* Thk M kM «i ^ulkd tk^ kumtmg- 
cotg, for example, the pioiou ooniaiii 8 leavM, aAd the 
whed 65 teeth, it is evideut^tl^t thiff wheel must revolve 8 thbefti 
and the pimoii 65 times, before the sane haves a&d teedi will be 
agam engaged 

61. Toothed wheels are nsualljr divided tiiio three daM% 
according to the position of the teeth with fee}>ect to the 
axis of the wheel. When the teeth are raised upon the edge 
of the wheel, as in Fig. 33, thej are called ot 

which neoeasarilj tnm both in the same piano. 
When raiseil parallel to the axis, as in Fig. 34, they funn a 
eroum^hedy i^hich, by acting on a lpllJ^«wh6el, turns the 
latter in a plane at nghUangles to itself. W’hen the Un^tb 
are raised on a surtace inciino4l to the 
plane of the wheel, th^ are called 
bmelled fc/ieeUy which are capable of 
<^inmunicating motion in planes in* 
dined at any angle to each other 
(Fig. 35). 8pur-gear is, therefore, 
used for communicating motion round 
one axis to another axis parallel to it 
See Fig. 32, where the thioe axes are 
parallel to each other. Whore the 
axes are at right angles to each 
Ither, a crown-wheel, working is 
i spur-pinion, as in Fig. 34, nvay he 
used The same oljeet may also be 
better aooomplished t>y two bevelled « wheels But by 
bevelled wheels also, a motion round one axis esn be eo» 
municated to another, ioebned to it at any proposed angle. 
See Fig. 35. In such a case, the surfaces on which the (eetfc 
me raised are parts of the surfaces of two cooes, aud tflic 
node in which Ontj net may be eonemved by pknibi^ tw 
OMiesddeby ri<ie,«snlas,eaff. If one be aide to rst'bho, 
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it will canso the other to re* 
Tolre also. If the bases of the 
cones be equal, they will re- 
volve in equal times ; if un- 
equali the number of revolutions 
will bear the same proportion 
as the bases. So also the 
properties which belong to the 
whole cones will belong to any 
corresponding parts of them, 
such d (f', and would 

^hereforo apply to wheels, the 
edges of which are paits, h h\ 
e c\ d^c., of the conical surfaces. 
It is necessary, however, that the 
vertices of both cones should coincide as at a; therefoxo the 
axes of both wheels must be imagined to be prolonged till they 
meet, and this point will be the common vertex of the oones. 

62. The machines which have been hitherto considered aie 
of two kinds, r^id and JUorihU. The former owe much of their 
mecbanicnl advantage to their inflexibility ; for if levers wore 
capable of hedging, it is obvious that the laws which regu- 
late their action, on the snpposition that they are rigid, 
would no longer apply, or at least would require considerable 
modifloation. In the cords, however, used as in Figs. 31, 32, for 
converting a straight into a circular motion, or one circular 
motion into anothsVy as in the endless band described in 09, 
perfect flexibility is as great a desideratum as perfect rigidity 
was in the former case. Of course it cannot be attained, but, 
in considering the t|ieory, it is, as already stated (20 and 14 
note), far more easy to consider such perfection to have been 
attained, and afterwards to tnake allowances for whatever 
interferes therewith, than to attempt, iu the flrst instance, to 
solve the ptoblem complicated with these extra and varying 
quantjtiea « , 

A rope or thread, perfectly flexible and inextenrible. a a 


Fig. 85. 
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nuicliiiie which enables ns to transmit foroe from one point to 
another in the direction of its lengthy ae Well ae by a rigid 
bar or rod^ but with this difierence^ that the forees which are 
opposed to each other must always be divelhnt^ whereas with 
a rod they may act eitlier ^om or towairds each Ctber, So ht 
the rigid body appears to present an Idvantage. But the 
chief advantage of the rope is, thati from its flexibility^ a. 
force acting in one directic|i may bo made to balance an 
equal force in any ottier direction. 

Thus, the weight w, Fig. .‘16, actmg in 
the direction ii w, may, by means of a 
rope passing through a fixed hook or 
ring n, Tic sustained by a power p act- 
ing in the direction p u. Assuming 
the rope to be perfectly flexible and 
smooth, it would suffer no resistance 
either from rigidity or friction in 
passing tliiough the ring, and the oord 
would be stretched everywhere with 
the Bame<dbrce which is equal to that of the weight w. 

63. We see^ then, that the alteration in the direction of the 
power, by passing the rope through the ring at p, makes no 
difference in the power ; it merely enaldes us to alter its 
direction; this, however, supposes the rD{>e to be petfeotly 
smooth and flexible, and the i mg to bo free from all roughness ; 
but, as it is not possible to fulfil these couditioQiijp Uio friction 
arising from the opposite qualities is greatly dimmislied by 
substituting for the ring a wheel grooved at the circumfer- 
ence, and turning freely on an axle passing through its 
centre. Such a wlieel is called a ptdlet/^ imd we have already 
made use of it for altering the directions of forces, in tb) 


experiments illustrated by Figs* 7 and 22. We have now to 
show how, by a different arrangement of pulleys, force may 
not only be transmitted, but also concentrated in degree, thus 
rendering this machine epe of the so-called meobonical powers; 
andplthongb thepuUcy is commonly called the third of thess^ 
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yet it must be remembered, that the cord or rope is the 
efficient agent, no mechanical advantage being gained from 
the puUey ; for the theory of the pulley, as a mechanical 
power, would be just as complete if the rope were passed 
throngh perfectly smooth ^rings, as in Fig. 36. The real 
mechanical advantage to bo derived from this machine is 
founded on the fact, that the same flexible cord must always 
undergo the same tension in evejy part of its length. 

64. Pulleys are called ^xed or moceahU^ according os tlieir 
frame is fixed or not, for the ^eaf or wheel is always move- 
able on its axis. In fixed pulleys, such as those in Figs. 7 and 
22, the power and the load are equal, so 
tliat there is no mechanical advantage, 
but only a convenience in being able to 
apply the power in any required direc- 
tion. A eingle movealle pulley^ also 
called a runner^ is shown at a b. 
Fig. 37. 

In this example it is evident that the 
rope must have the same tension every- 
where throughout its length, or the 
system would not be in equilibrium; 
and, farther, in order to be in equi- 
librium, the tension must be equal to 
the power p ; thus the power p is sup- 
ported by the tension of that part of 
the rope which is between c and p. If 
we call this 1 lb., it will be found that the load w must be 
2 lbs., because this is supported by that part of the cord 
lying between h and b, and also by .the port between 
B and A. In fruty^these two portions, b b and a u, of the 
cord sustain the weight between them. Or we may regard the 
horiaontal diameter of the pulley a b as a lever of the second 
kind, having its fdlorom at B, the power ^iplied ait a, and 
the load hanging midway between ^em. In this anange- 
ment^ therefore, the power is capable of balancing a weight 


Fig.df. 
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or oppodng a renstanoe of twice its own amount. It should^ 
however, be observed, that m reekening the load we must 
include the weight of the 
moveable pulley a b, which 
is also sustained by 
power. In Fig. 38 the weight 
is equal to three times the 
power, and in Fig. 38 to four 
times the power. In each 
of these cases it will be 
seen that the tension of 
each part ^ of the rope is 
equal to the power p. In 
Fig. 38 the load w is dis- 
tributed equally among 
three portions, and lu Fig. 

38 among four portions of 
the rope ; and as each por- 
tion is sti etched ei|ually by 
the power, it follows that 
in the one case the weight 
raised is nearly equal to three times, and, in tihe other rase, 
to four times the power. Hence it appears that in systems 
of pulleys with one rope and one moveable block,* the toad 
is as many times the power as there are different jjarts of the 
rope engaged in supporting the moveable block; and, in 
general, when the power acts downwards, the number of 
pulle 3 rB required equals the number of times that the power 
is to be concentrated ; but when the power acts iipwaids, one 
pulley may be dispensed with, for in t^e last three 6gures 
the power p might have been appbed to pull up the cord a, 

* Tbs hhek is the framework in wUdi the wheels or tAescft sit 
secured pirot or axle. A combination of bhicka, sheareti 

and ropes, is called a iaekle. In the pnlleys represented In Pig. 38. the 
sheaves move on sspsratf axles ; it is, however, more usoal to plsog ihein 
side bj side on tbs same axle, as in Fig. 39. 


Pig. 38, Fig 39. 
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without the intervention of the fixed pullej c, which adds 
nothing to the nieohanical effect. 

65. In the preceding cases we have snpposed the parts 
of the rope vvbich support the weight to be parallel, or 
nearly so. When such « is not , the the machine is 

greatly deterioratecF ae a mechanical power; indeed, at 
Fig. 40. certain obliquities, the 

power would require to 
he greater than the weight, 
in order to produce equi- 
librium. In order to de- 
termine tlie power neces- 
sary to support "a given 
weight when the pa)t<> of 
the cord b c, B h. Fig. 40, 
are not paiallel, take the 
line B A vertical, and consisting of as many inches (or other 
equal paxts) as the weight consists of ounces or pounds. From 
A draw A D, parallel to d h ; and from e draw a e, parallel to 
B c. The force of the weight represented by tbe diagonal a b 
will, as already stated (9, 10), be equivalent to two forces repre- 
sented by u D and u E. The number of inches in these lines 
respectively will represent the number of ounces, or pounds, 
which are equivalent to the tensions of the parts b c and b h 
of the cord ; but as these tensions are equal, b d and b e 
must be equal, and each will express the amount of power 
which stretches the cord at p o. As each of the four sides 
of the parallelognim a b b d equally represeuts the power, 
and as the diagonal a b represents the weight, the latter 
must always be les9 than twice the power which is reprsir 
seated by a e, B B,*taken together. But if the angle c b H 
exceed 120^, a b will evidently be shorter than b d or b o, 
so that tbe power at p will require to be greater than the 


weight w ; and this excess may be in any proportion, so that 
it is impossible by wy power applied at p, to pull tlie 
cord CBS mathematioally straight, iiowover small the weight 
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w may be, or eveo if there be no weight except that of the 
cord itaelf. Hence, aleo, we see the reaiion that a harp-string, 
jiowever tightly stretched, can always be polled aside by a 
very small transrerse force, almost infinitely less than its lon- 
gitudinal tension. , • 

66. In testing the theory of the puHey dynamically, or 
by the principle of virtual velocities, we find that in this, 
as well as in all other machines, whatever is gained In 
force is lost in velocity. It will be fimnd in all tlie ex- 
amples adduced, that the ascent of the weight is as many 
times less than the descent of the power, as the weight itself 
is greater than the power. Thus (tti Fig. 69), if the power 
be 1 lb. hnd the weight 4 lbs., and it be re^ttiied to raise the 
weight 1 foot, the power roust desoend through four feet; for, 
in order to raise the moveable block 1 foot, each of Uie fonr 
portions of cord by which it hangs most be shortened 1 foot ; 
but as they all form parts of one continued cord, this must 
on the whole be shortened 4 feet, i. s. 4 feet of cord must 
pass out from the i^stem between the blocks. ^ What then 
do we gain by the pulley ?*' it may be asked : the answer is, 

We gain nothing at all for, as far as expenditure of power 
is concerned, wo may just as well do without the machine ; 
we gain no power by its means ; all we do is to economise it 
and expend it gradually. In raising a weight of 50 lbs. one 
foot high, the expenditure of power is obviously the same, 
whether we accomplish the task by raising 1 lb. through 50 
feet, or 50 separate lbs. through 1 foot ; and in the jiulley, or 
any other machine, a weight of 50 lbs. cannot l>e raised 
a given height with a lees expenditure of power tliSti is re- 
quired to raise 100 lbs. half that height, or 1 lb« 50 times that 
height. 

67. In the common form of block, and when there are 
several sheaves on the same axle, it is difficult to keep the 
cords parallel, and the blocks in their respective positions. To 
remedy this, Smeaton invented the blocks shown in Fig. 41, 
the action f which will be more intelligible byoinitting the rope. 
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Its oomse, bowsver, can essily be tiaoed by meeeDS of the 
numbers affixed to the shesTes. One end of the rope is 
attached to the hook e, at the bottom of 
the upper blook ; from this point (he rope 
is brought und^ the wheel marked ovor 
2^ under d» over 4, under 5^ and so on, ac- 
cording to the order of the fignige^ until 
it is finally passed over the wheel marked 
20, on which the power immediately acts. 
In this arrangement the blocks cannot get 
deranged, because the power acts directly 
over th< wmglit. The weight being dis- 
tributed over 20 parts of the rope, which 
are equally stretched, it follows that the 
weight is 20 times the power. 

But an arrangement of this kind is 
accompanied by an enormous amount of 
friction ; each wheel not only having to 
bear the friction on its axle, but fre- 
quently also against the side of the block. 
Anothei objection arises from the \ery 
difierent velocities with which the sheaves revolve. Sup- 
pose that by the action of the power the lower block is 
raised 'i^iio fSoot nearer to the upper one ; the several parts 
of tho iope between Uie two blocks will each be shortened 
by one foot One foot of that part of the rope extending 
from the book in the upper blodc to the wheel No. 1, must 
pass oyer that wheel, and also over all the sucoeediug wheels. 
But tba^mrt of the rope extending from No. 1 to No. 2 is 
also shortened by one foot, and this aildittonal foot of rope 
must also past ovbr No. 2 and all the succeeding wheels. 
Hence, one foot of rope passes through No. I, two feet 
through No. 2, three feet thlxiugh No. 3, and so on ; and as 
the velocities witli which the wheels revolve are measured by 
the quantities of rope which pass over them in the same 
time, It follows, that while No. I revolves onoe^ No. 2 le* 


Fig* 41. 
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k TolveB twice. No. 8 three tiiiie% and eo on ; theriAy producing 
an enonnone ineqaalitj' In the wear of the azlea 

68. To remedy these defeotai it wee soggeeted, that if the 
wheels were made to differ in sise in proportion to the qnan* 
tity of rope which most pay orer them, they would revolve 
in the same tone, and might therefore be all fixed on the same 
axis, and would Teqairs no divisions between the different 
sheaves of the same block. For this purpose, the sheaves 
would require to have tlteir diametere in die proportion of 
the numbers with which they are respectively marked in 
Fig. 41. By prop<HrtioniDg wheels in this manner, and placing 
them on the same axle, so that they 
might reVolve in exactly the same time ; 
or, what is the same thing, by ontting 
several grooves upon the face of one 
solid conical wheel, with diameters in 
the proportion of the odd numbers, 

8, 5, &c. for the one pulley ; and conre- 
sponding grooves on the face of another 
solid wheel, in the proportion of the 
even numbers, 2, 4, 6, &c. for the other 
pulley;*^ on passing the rope snocess^ 
ively over the grooves of such wheels, it 
would be thrown off in the same manner 
as if each groove were upon a s^aiate 
wheel, and each wheel on a separate 
axle. Soch is the pulley invented by 
Hr. James White, and represented in 
Fig. 42. Its mechanical advantages are 
very considerable; and when earefnUy 
made, it is found to answer all that was 
expected of it ; but this very care re- 
quired in its oonstruction is the chief 

* tlw end sftiwmiw mast l^e attached to tha latter block, wh^ 

M teeiiMortaemevMleoiie. * 


Fig. 42. 
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cause of its not getting into general use; for, unless the 
grooves are proportioned with great nicety, the rope must ob- 
viously »lid€ upon some of them, i. s. move with a different 
•pwd from that of their oircumferences, thus causing a great 
increase of friction, and liability t^ derangement. 

68. In tbe systchns of pulleys hitherto described, there is 
always a fixed point which supports each system, answering to 
the fulcrum in the lever. It is evident that this fixed point 
Bustains both the power and the weight, as well as the whole 
tackle. When the system is in equilibrium, the power only 
supports so much of the weight as is equal to the tension of 
the cord, the whole romaii ler of the weight being thiown on 
the fixed point. In fact, ui this, as in all other machines, the 
power sustains just as much of the weight as is equal to its 
own force, the remaining part being sustained by the machine. 
Thus the above system is in equilibrium with a power of 
10 lbs. and a weight of 70 lbs. Now, it is obviously impos- 
siUe for this smaller weight to sustain the larger one : the 
tension of the cord marked 1 is equal to 10 lbs ; and as the 
tension is everywhere the same, it follows, 
tliat each portion of the cord up to 8 has a 
tension of 10 lbs.; so that the cord No. 1 
sustains the power = 10 lbs. ; and the seven 
other cords (2 to 8 inclusive) sustain between 
them a weight of 70 lbs. 

70. In the pulleys hitherto described, only 
one rope has been introduced ; we have now 
to consider the effect of several distinot ropes 
111 the same system. Pulleys containing more 
than one r<»pe are called Spanuh hartom. 
Sdtih a system is represented in Fig. 43, con» 
tainiog two ropes. The tension of the rope 
p B A D is evidently equal to the power ; con- 
sequently, the portions a u and a d must each 
austala a portion of the weight equal to tbe 
power. The rope o b sustains the tensions 
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of B p and B Ai and therefore the tension of d c a must equal 
twice the power. The united tensions of Uie Fig. 44. 


ropes which support the pulley a amount^ 
therefore, to four times the power. The ten- 
sions of the respective ropis are diarked in 
figures, so that the reader will be able to 
study the system from the figure itself, which 
is an excellent method of impressing mecha- 
nical principles on the mind. All verbal de- 
scriptions must necessarily be somewhat 
complex, and consequently far inferior to the 
graphic ploqucnco of a well-executod diagram. 

71* By a slight variation in the last-ineu- 
tioued system, the pouer of the niachine may^ 
be increased (see Fig. 44). The rope which 
sustains the power v is hero attached to the 
block A, and conbcquently sustains a part of 
the weight equal to p. The second rope, bcap, 
acts against the united tensions of p n and 



b a, so that tlie tonbion of u o, or 
c A, or a d, is twice p. Thus tho 
weight w balances thioe tensions, 
two of which (a 0 and a d) aie 
each equal to twice p, and the third 
(a b) is equal to p; hcnco tho 
weight is five times the power. 

72. In the system represented 
in Fig. 45, four ropes are intro- 
duced. The tensions of the sevenil 
ropes will be understood from the 
numbers, and it will be seen that 
in this arrangement the mnltiplica- 
turn of the power increases rapidly 
with the number of pulleys, being 
doubled by every moveable pulley 
added; Imt this advantage over the 
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tmiljpemeiit is more tlian eouiterbalancod by tbe 
iHuy jHmtod range ; for in the common blocks, tbe motion 
tMiy lie Oontimied till the ftEed and the moveable block come 
into iooniact; but, in this system, only till d and b come 


F%.4e. 



to(;etber, at which time the 
other pulleys will be &r apart, 
because o rises only half as fakt 
as D, B only one«foorth, and ▲ 
only one-eighth as fast. Hence 
tbe longest possible range is but 
a small portion of the whole 
height occupied by this system, 
which accordingly entails a 
great waste of sfiace, and is 
hardly of any practical use. 

73. The mochanical effici- 
ency of this system may be 
greatly increased by substi- 
tuting fixed pulleys for tbe 
hooks in Fig. 45, tbe number 
of ropes remaining the same. 
In this case, Fig. 46, the ten- 
sions of tbe suooossive ropes 
increase in a threefold, instead 
of a double proportion, as will 


W trident by tracdug the course of each rope in Fig. 46. In 


ewdi $ax anangement <nie rope would balance three times tbi 


power; twt rojpes 3 x 3, or 9 times the power; the third 
rope bulaBots three portions of the second, and consequently 
its tensloii would 3 x 3, or 37 times the power ; the 
fourth tope, in like ideniMMev balancing three distinct portions 
of the third, would have its tensiOD expressed by 3 x 27 
81f which wonld be the weight w, the power p being 1.* 


*»fbe Sgnfesidthetopaftelsstibttr dbgmiiM 
|[(qinieduiheieVeKelpeliktioff^^ t^rsamSur these will be 
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Tbe limited range of thiOi as of the last sysieiii, Mdexi tl 
practically useless. 

74. Id these cases we have not noticed the efiect of the 
weights of the sheaves and blocks. Qn examinliig the figare% 
it will be found that in soni(^ coses their weight acts against 
the power (Figs. 37, 38, 39, 41, 42^ 45, 49} ; in other 0086% 
they assist the power in supporting the weight (Figs. 4d, 44 ) ; 
and there aio cases in whieh the weights of tbe sheaves and 
blocks arc made to baJanoe each other. 

75 The next so-called mechanieal power is the ineUnml 
plarte. It is equally simple with the lev4r; and, like that 
inachine, naturally suggests itself to the mind in raising aloisd 
to a moddhito height, especially when tho load is of eiicih a 
formas to admit of being rolled. Thus heavy casks are raised 
into a cart or dray by luouns of a ladder usedlis au ineltued 
pltinc , and are moved out of the cart by the same contrivanoe. 
Ill buch a case, the strength of one or two men is sulfiekwit to 
raiae a load of many hundredweight, which, but for tlil% or 
some other niaohine, tliey could not possibly lilt from off th# 
gi t und. 

7 d. Now, the statical problem of the inclined plane is this 
suppose, lor example, it is required to raise a cask weighing 
1,000 lbs. into a cart 5 feet high, by means of a ladder or 
pUnk 14 feet long, resting against the cart. The questien 
is, — What force must be^exerted to prevent the cask rolling 
down the plank, sapposing it to have no friction ? The 
answer is 3574 ibs. ; because the force would havh to act 
through a distance of 14 feet or inches to raise the weight 
5 feet or inches higher, or it wonM he driven back 14 units of 
length, by the descent of the cask 5 units lower* Therefore, as 
14:5:: 1,000 lbs. : 3574 ^ ^ hii^sdi^ 

or two men aeting together, exert a power of 3574 ^ ^ 

evident on ins peoting the ropM hanging from each point ; and bp adding 
all tbeaersBlBtaiicei togeriierjt wi&beiccii that m all ostas ths| soml.^ 
auni vf UK power r and tbe weight w. 
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the dimlioit, they will be able to keep ihie cask of 

weight hem ronii^gf down* however euiooth may be 
file hoitiied plane; but ae there is elwajs some fnotioD, 
a k §9 power then ibis will always suffice to produce equih- 
btlilm.* ^ • * 

7T. Thia case is clearly analogous to those already noticed 
ih the lever and ike pulley, where a small power appears to 
balance g weight many times greater than itself. But the 
rigour of mechanical justice requires that for work done 
there ehall always be an equivalent expenditure of feroo; 
that for every weight raised there shall always be an equi- 
valent exertion of power and in the above example, we 
see that 1,000 lbs. raised throogh 5 feet, is eqnivnlcnt to 
d57| lbs. raised through 14 feet, because 1,000 x 5 = 3574 
X 14. 

7S. The inclined {dane is regarded in mechanical science as 
8 perfectly hard, smooth, inflexible surface, inclined obliquely 
to the weight or reostanoe. The lino a c, Fig. 47> is called 
the length of the inclined plane, B o its height^ and a b its 
htm. If Q be a heavy body placed upon it, it will act in the 
vertical direction O T> Df a line passing through its centre of 
gravity o. Now o r may be m^e the diagonal of a paraU 

lelogram o w v x, so that if 
OV represent the magnitude 
and direction of the weight, 
it may be resolved into the 
two forces represented in 
direction and magnitude by 
o w and o x, one of which is 
parallel, and the other per- 
pendieular to the plane; hence 
dm prwwora w v isequivaHent to two other pressures, o w and 
ox; the'fcfmer ef whieb, o w, is destroyed by tbe resistance 

*c tbr saldset of JMsfiaa IV aofloed fa '*2lie Tfun^mti 
Bnainstthilr?* httS Ws. 
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and ibe latter o x only aoU to caiM the deaoent of 
the body down the plane. Now oxiatoraasBoUto 
A B ; that is to say, a weight placed upon an indiaed plane 
is propelled down the plane by a force bearing each propor- 
tion to the weight, as the height ol any section of the piano 
hears to its length. If, therefore, it were required to diaw 
the heavy body o op the plane, any pressure in the direction 
X a exceeding o x and the friction, would be suiBeient to do 
so ; and any pressure in the same direction, which, with the 
friction, equals q x, would hold the w eight in equiltbrinui. 

The same tiling may be proved in another way. Let o w 
be drawn perpendicular to A c, and o v vertical, which is the 
direction in which the weight acts, w hilo x o or o r is tho 
direction in which tho power act^i; and theso two forces 
compose a force equal to tho presbiire of ci on tho plane, per- 
|>endicu]ar to a B, and foriiiing tho diagonal o w of a fiaral- 
Iclogram, of whicJi o v, oy are tho sides. Now, we know 
by the composition of forces (7. iO, 11), that the thieo lines 


o V, o Y, and o w, 
are proportional to 
the forces in those 
directions, so th it 
the power Pis to the 
weight oas qy is to 
G V, or as A c is to 
A B ; tho triangles 



Q V w, w Y o, and ABO, being all obviously similar. Hence, if 
two weights balance each other on two inclined planes of th*' 
same height (as in Fig. 48), the weights must bo dinvilypro- 
portionetl to the lengths uf tho planes on which they rest. 

79. In the foregoing examples the power acts in a direotion 
parallel with the surface of the plane, for if tho plane bo snp- 
|)osed to be without friction, this is the most advantageous way 
of applying it.* If it act in any other direction, such as w 0, 


* Because the whole eifeot of the power is eserted jd drawing the weight 
upfheplane: whereis,if the power be directed dhwt the plime, as in llg. 49, 

MeehuHirtB W 
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^ vnpptti«a.«l tfa« powgr r to ^ iry^bt 
Ii«l|«i)4ioBlMr to ihe ^OM A(v va tho 
0^'S- r-“itoifc ' Tettieal jof tlie oontre of 

gravity <rfw,widiiF|w»llel 
Jbo w i>« Now the two forcos 
must be propur- 
tiomil to the w d au<l 
w E, or they will not com- 
poimd a pressure wf per- 
pondicohir to the plane^ 
which is necessary to main- 
^ tain equilibriunu , 

pendldi to the base of the planc^'as in the 
^6, Us proportion to the weight will be that 
to the base, for if w e be Uie vertical 
gravity w^and w d pamllel to tbo base in the 
of the power, then wf will be the resultant of the 
powei^ and must (to preserve equilibrium) l»o 
kv. . /" perpendicular to the plane ; 

but this cannot be tbe case 
unlees tbo (r.aiigles dpw, 
w p be (‘acli similar tf» 
the triau^h^ uac; there* 
fore the puwer will be rc* 
preseiited by ihe height c n, 
tbo weight by the base ba, 
and the pressure by the 
,V: ^ ' • leugtb A c. 

^ ^ ®loe^ importaut propertlee of the iocliaed 


virtual veloeitiee is aeappli* 

yife‘‘ljS^ dhuWshhif the pressore, sod psiHj in drsvinf it 
^ dhsstsd JMiOfr the plans, •• in Sf . 50* It 
pwiWiW, tbs rsnskilBg portoalj bsinff 
I mff <he pluse* ItwiU beaeeuhsmlter that 

powsr ants 


inumMi 


coble oe to tbe other meduuiHMl ptvwm ehttaufy cMUeHlii 
the weight o. Fig. 47, beat the fool of the pliiii^ aed Oie 
power p at the top ; then let p deoeeiKl until « arrive at the 
top of the plane. Of oourae p will have deteended Ibftmigb 
a depth equal to the oi the plaiie, erhUe 0 wifi have 
a.!>cetidod tlirooi^ a dq>th equal lo itS Mffh; iMee the 
f*nfft^uJteular sparea through which the weight and power 
inovo in the same timo are in the proporthui of their velo^ldea. 
The pntportion of the woight to the power it that ef the 
length to tbo height ; hence the power and the weight are 
reciprocally as their virtual velocities. P moltipUeil hy the 
fe>pace t)grough which it movee is equal to w multiplied by tie 
space through wdiich it moves. Hence, If the height the 
plane be 2 feet, and its length 50 feci, p will lave to deepeiul 
aO feet, while w is raii^od 2 feet in vertical height ; and accurtU 
ingly p must, as we have seen, exceed ^ of the ws%lit of w 
in order to eifect this. In this example we have snpposed {lie 
|K>wer to act parallel to the surface of the plane. If H act }a 
any other direction, the pniimple of virtual velocities will stfti 
bo found to apply. 

81. Some oi the grandest examples of htdhined pl«MS aie to* 
1)0 found in roads, the iuchnation of whieli, when they gVe dpt 
level, is expressed by the height eorrespowMig to a fmldii 
length. Thus, when it is said ilfii a sfertain rund has a flee 
of 1 in 20, it is meant, that if 80 yards ^ feet, o^ 80 
of any other units, be measured upon iba road, tltd dSfllii^asis 
in level between the two extremities of ibe fistaace meaidK|i|H|is 
1 each unit* On a level road Che power Ss expmuied mMfy 
to overcome friction ; and on the same toad it always besaiw a 
constant fatio to the load. This mrio va^ <m eonilao|^ 
according to their goodness, from iV ^ sV ^ 

* The object of fesS^'SwhlBf Isto reiidwthe IviWIsoi phutm^USM^ 
lumndlf flmrt sb 4 irasime^ ss fnr sad hm$ Jlirv^dW^^ 

leveral hits SOS. Stsgis pfamrs, bowemr, d a ny ' S pu d ^h^^ 
lurrtvhcobliML TiiSmbMidmfesaemlsa|^<h^ f^UhSilO 
Celborwbidi tsehest e sdleii siMihMadsiMmef erdlwusliw4e« 

m % 
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but on an iron luiliray it ia no more tban jjf ^ or thereof, 
uooording to the dryneaa or dampness of tho raila* Now, on 
a road rising 1 in 20, the power (a horse, for example) has 
not only to overoomo friction, bat has really to lift |% of the 
load. So that if the whole force leqaired on a level road were 
^ of the load, on this rise it would become or 

would bo not quite double the foroo required on the level. But 
suppose tliat, instead of a common road, it were a railway, and 
that the foree required on the level were only ^*{0 <>f the load, 
then on the inclined plane we should require tin + 
or eight times the power required on tho level. Hence, tho 
reason that steep planes are so nuch less a^linisaiblw on rail- 
roads than on common roads ; ind it is often ueccssarv in road- 
making, and especially ratlroad-ntakitig, to take a circuitous 
route rather than carry the roud over a steep hill. So also, a 
careful driver, in ascending a sti^p hill, will u iud f« am side to 
side of tho road to save his horses, knowing practically that 
in ascending a certain height the exertion is less by increasing 
the distance, which is done by this algzag motion. The rea&oiis 
for this praeUco, however, belong rather to physiology than tf> 
hlcchanics, because, mechanically, tho whole exertion re(|uirod 
to Uft the load to a gi^on height must bo the same, whethor 
the route be long or short ; luid the exertion rei^uircd to ovor- 
come the friction must be givatcr, the longer the journey. 

It mui seen in Fig. that a weight ujk/u one inclined 
plana may ha made to raise or support a weight ujKin another 
inclined plane. It is not necessary that the two inclines 
diould form an angle with each other, as in tlie 6gure. They 
may be in any position, and bo connected by a rope 
passing over wheels, dec. Thus, in some railways, loaded 
waggons are made to descend one incline, and the force of 

* Henoe, a carriage left to Uadf on nn inclined road will not roll down 
aulesa the inelinatiim eseeed 1 in 20, or 1 in 40 (according to its 
•noothneB), bni^ a railiraj it will roU down an mchnauoo of ] in 

too or 200. For parUcolui teapectiog tiMtg frktisB, see ** Rudtiae&u 
sf Civil Bagbrnniag/* Ht% 1. jip. 31-30. 
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ilioir ilcfoont aenres to draw another aot of waggon* up 
another incline. 

$2. Instead of lifting a load hj moving it along an inoliiiod 
plane, we may effect the lAmc thing by thnistnig an indinod 
plane under the load. A laoveahloiiticlineil plane is ealled a 
and it has soinetjiuos been nused* to the dignity of a 
distinct meclianical power. In its simplest form, as used for 
raising weights (such as shores placed to support buildings^ 
the centres for arches, its theory is prooisoly similar to 
that of Fig. 50, in wbicli, instead of drawing the load in the 
direction wd, we may draw the mo\ cable inclined plane (or 
frc//yr) A n c, in the opposite direction D w ; and if w l>e free 
to move *only \ ertically up and down, it will obviously be 
raiseil through a height equal to n o hy the motion of the 
x^eilgo through a space equal to n A. In the wedge or move- 
able inclined plono (omitting the consideration of fiiction), the 
mo\in£: poacr most bear to the resistance moved, the ratio 
adiicli the height of the plane bears to its and not (as In 
the fixeii inclinod plane, Fig. 47) the ratio of tlie height to 
the hngth. In the fixed plane, therefore, the power always 
balances a load greater than itoclf^ however stoep the dope 
may bo ; but in the wedgi , the power and the load will bo 
equal if the slope lie 45^ ; and if it be steeper than this, the 
power will have to exceed the load. Thus, when the cen- 
tring for an arch descends by diqilaeing the wedges on which 
it rests, a great power expends itself in overeomiog a very 
small resistance, vis., that arising from the friction of the 
wedges ; and, generally speaking, it is not able to overcome 
even that resistance, 

88. As the wedge is commonly used for separatiDg two 
surfaces that are pressed together hj some force which ooasti- 
tntes the resistanea, we roust regard it in this ease as a 
doMs sredge, or two inclined pianos joined base to hassw 
Such a wedge is generally used for cleaving timber, fai 
which case it is urged by pereusdoiL Ae ngalds sU 
cieiicy as a madiiiMv the emne role has bees applied to il 
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ntf to oilier simple machines ; the force acting on Hie wedge 
lining considered to move through its length dc^ ahile 
the resistance yields to the extent of its 
breadth a B. The force of {lercussiuii 
(as will prese«tly be ex)dainod) diifcisho 
* completely from continued forct*s, such 
as ha\e hitherto been considered^ that it 
admits of no numerical comparison ^ ith 
thorn ; us i the prop*>rtion between a blow 
and a pressnro cannot bo defined ; so 
that the theory of the wedge, as gi\en in 
sriontinc tiiecliaincs, Is of scarcity any 
practical value ; and, ls>sidt ♦his, the ^aluc of tlic wedge 
often de|»ends upon that which is omitted m its thcorj', 
tismely, the friction lietween its siii faces and the substance 
winch they divide, as in the case of nails, bolls, and pins, 
im'd for binding substances together. Indeecl, if it acre not 
for triction, the wcslge would kkhuI after every blow ; lienco 
ilie fnotion, in tins cose, has Won nj»tly com|Hired to the 
iatclo*t-whoc] (Kig. ni), winch allows the ^Jtinm^sion of the 
IKiwer without loss of effect. 

Mi The wedge is cspcs’ially useful wlicro a very great fore (j 
IS refpiircd to W c\oiti*d thiough a very small space. A tall 
cliifiiney, which, through some defect in the foundation, has 
falltm from the p» rpondicular, has Imjcu restoml by means of 
I ho wc«Jge. A ship is often raised in dock by wedges ilrivcn 
under its keel. The wedge is the chief [K>wer used in the 
oil- mill, where oil is obtaiued from seeds by enormous pres- 
sure. Musses of timber and stone are <iiso split by means 
of the wedge. Tl|e a|^dication of the wydge is moat oxteii- 
HNC in cutting and piercing instriinionta, such as riixorH, 
Innes, chisels, awls, pins, needios The angle of the 
wedge IS made to vary acconling to the pnrjiofie to wRich 
llie instrumout is to be applied. Tli<* mechanical jiower of 
the wedge is increased by diminisliing its augle, but, in pro- 
portion as this Is donoi the strength of the tool is diminished 


ng. 51. 



Arc(»riiingly, the angle of the netlge i« made to vary tQ 
ditrerciit toula ; in th(»so used for euUiiig wood it ia generally 
about for rutting iron, it ie frr»ni 60^ to 60**; and for 
hra«s from 80® to 00®, 

8.J. A nut her variety oftnovoahle inclined {vhine, commonly 
r* gtiMled a<« the sixth mi<) hist Minple machine, is called the 
ifnrtr. In the ca^c of the inclined plane, its incchanieol 
cihrt is not imfiainMl hy giving if a curved instead of a 
straight ci»nrs4\ Whetiier it Im made to wind round a hill, 
or proceed in a sfraiirht line to the siiuitnit, is a matter 
of no con«<Mjucncc, except that the winding iuerme will be 
longer and ca.si<‘r than the shorter niid «tc<»pcr one. Now, 
the screw is nothing more than an incltned piano winding 
round a cylinder, and lM*aring the same reJation to tlio 
ordinary iiicliin'd plane, that a circular staircase dtKis to a 
straight one. Th<» cylinder con»tituft»8 the braly of the 
scicw, and the inclined plane is called its neem or thread, 

Tlic screw, then, is an in- 
clined plane, construri* \\ u|H)n 
fh«* surface <»f a cvhndcr, ami 
tife uiju.ai method of forming 
it i** at the turning hi‘hc, in 
which a cylindci of v ood, or 
nu'tal, is made to icvolv<* u]M»n 
its axis; and a cutting p<»int 
Innng presented to it. is moved 
in the direction of the length of 
the cylinder, at such a rate ms 
to lie carried through the dis- 
tance A B hciwoon two inms of tho thre^ while the cylinder 
revnhes once. The bhape of the thread may be square or 
triangular: the former is the stronger, hut the latter has 
least friction, because there is least surface to rub. 

86. In tlie app]u<atton of the screw, the power is nsnally 
transmitted by causing the screw to move through m l||ollow 
t^lindcr, or nat, », on the interior surfoce of which are a 


Fig. 52. 
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number of tbreada, exactly corroBponding to those on the 
screw. The threaicU of the sorew move in the spaces be- 
tween the threads of the ant, and rice vers/f. The |K>wer 
is applied, either to turn the nut while the screw is prevented 
from laming, or to turn the screwawhile the nut is kept from 
turning. Neither ohn be done without producing a longi- 
tudinal motion of one or the other, whichever meet's \%ith 
least longitudinal resistance ; bat this resistance may exceed 
the turning power, in the proportion that the rcvo]% iiig 
motion exceeds the longitudinal motion. Thus we gain]>oixcr 
by losing motion, as in all other cases where power a]>|>ears 
to be increased. 

87. In the method applying the screw shown in the 
above figure, we got reaiiy a compound machine, couMbting of 
the lever and the screw. The power is applied to the end of 
tiio lc\cr at p, while the weight or pressure, w, is sustained by 
the screw, as in the oommon screw -press. Now, supposing 
the distance a b , between any two threads of the screw, to 
be half an inch, and the circumference of the circle described 
by turning round the end of the lever f to be 5 feet, or 60 
inches, or 120 half-inches ; then, a force or pressure of 1 lb. 
at F would sustain 120 lbs. at w. This is, of course, omit- 
ting the efiect of friction, which in the case of the screw is 
very gieat.* The condition of equilibrium, therefore, is, 
that the power, multiplied by the circumference which it 
describes, is equal to the weight, or resistance, multiplied by 
the distance the screw or nut can move longitudinally during 
one turn, t. s., tlie distance between the ountrea, or otlier cor- 
res^ionding parts, of two contiguous threads, or rather turns 
of the same thread,t which distance is called the /ntcA of 

* It M slnost slwsjs safleient by itself (ss In tbe wedge) to bslsnee 
the lengitudinsl Ibros w without say amlttsiioe at p. Thus, H generally 
heppens list no longitndinsi force is suflkieDt to torn the screw, for its 
threeds woiUd be deStsoyed rather then turn. 

t f D Fig. 52 this discaaee Is twice a b, beoeuss tbe s c r e w is dDuMs- 
ikTHuiid. Soiews with mora then one ihi^ sra oosssiooally (tboi^h 
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the eorew. Or^ the power : the weight : : the diatanoe 
between two contignooi thieade : the ciroumfeienoe deaeribed 
hy the power; which agreee with the principle of virtual 
velocitiee* 

It will be seen from thia^^hat w^may inereMe the meoha* 
nical efficai^ of the screw, either by oailhing the power to 
move t1) rough a greater space, by inereasi&g the length of 
the lovor ; or, secondly, by increasing the number of ttims 
of the thread, (be efToct of which will be to bring them 
closer together. Thus, in the above example, if the pitch 
were \ instead of | an inch, the other conditions remaining 
the same, the efficacy of the machine would he doubled, 
and the 'power of 1 lb. would sustain 240 lbs., instead of 
120 lbs. 

88. There is, however, a practical difficulty in iuoroasing 
the number of turns in tho thread of a screw, for, as they 
l>ecomc crowded into a small space, they become more delicate, 
and are apt to be tom off under a considerable force, while, if 
the length of the lever be increased, the macliine becomes 
unwieldy. These objections bavo been entirely got rid of by 
the ingenious contrivance of the df^hrsnlMd screw by Mr. 
John Hunter, the celebrated surgeon, a b, Kg. JO, is a nut, 
or plate of metal, in which tite screw o D playa We will 
suppose tho number of threads in this screw to be 10 in 
eveiy inch. This screw o d is a hollow nut, receiving the 
smallef screw db, which contains, we will suppose, 11 
threads in every inch; this smaller screw is free to move 
longitudinally, bat is prevented from moving round with the 
former, by means of the finame-work a f o b of the press. Now 

wery rsrclj) mode. Hwy ire only useful in etsra where a tongl^pdinil 
force ia to prodaee rotary motion. For iottaace, the intorier of a riUo • 
banul is a screw, or father nuT of this kind, intended to linpsrt toths bsll 
a rotation round llis line of its motion ; tbs use of which It, to prsvsiit 
a rotation round sa|r olArr axis, which naually takea plaoe in ot h er pro* 
feetStm, sad (unlasa (Im^ bp pwfeedy spbeiioti) tnoroMss the lUshiSttMO 
they eaeottnlsr. 
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if tlie handle c k L he iiinied 
round 10 times, the screw c d will 
move 1 inch upwards; and if the 
smaller screw d b were to move 
with the i>oint e would ad- 
vance an inch. If we then turned 
ilie screw de alone 1 0 times back- 
wards, the point i: would move 
down ths of an inch ; and the 
result of both motions would have 
been to lift the point E T^ytli of 
ail inch u}) wards. J3utif tbc screw 
f n is turned 10 times round, 
while l> E is kept from turning, 
the effect will be the same as 
if it hod moved 10 times round with on, and then have 
been turned back again ten times without cn; that is, it 
will advance i^th of an inch, and at one turn instead ol 
10 it will advance ,Vth of -^(b, or 
therefore, the lever at k move through a whole circumference 
of a drclc, the part e, which acts directly upon the weight, is 
moved through a space equal to the difference between the 
piteli of the thread of r d aud that of d e ; whence the name 
of the arrangement. If we suppose the handle to bo only 
0 inches long, the power of (his machine will be expressed 
*by the number of times the 110th of an inch is contaiiTefl in 
the circomfermioe of a circle of 6 inches radius, or 12 inches 
diameter. Now, by multiplying the diameter of a circle by 
8.1416, we get its circumference; and 

18 X 3.1419= 37.6992 X 110 = 4146.912; 

• 

ao^'that, by moving the power once round with the force, say 
of 1 lb., the screw is raised through the 110th part of an 
inch, with a force cf 4147 lbs. nearly; which sliows the 
superiority of this over the oommon screw ; for. in the latter, 
to giun the same power, there must be 110 threads in an 


FIf. 53. 
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inch, which would lender them too weak to resist any consi- 
derable force. 

In the usual method of applying Hunter's screw, the two 
threads are cut on different parts of the bamc cylinder. Upon 
those are placed nuts, whkh uro capable of moxiiiir in the 
direotion of the lengtli, bus are not ullot^’od to turn round. 
It is clear, therefore, that by turning the screw once round, 
the two nuts will be bi ought nearer together, or driven fnrtlior 
apart, accoiding to tUo direction in which the screw is tamed, 
through a b^Mico equal to the differonco of the pitch of the 
two threads. In this way. Hunter's screw is woli adapted to 
the purposes of a micrometer srrstr, because it admits of an 
iiidofiuitMy blow motion, without requiring oxquisite work- 
manbhij) in tlic thread. The uses of the screw as a micro- 
meter have been noticed in our Introduction to the Study of 
Natural Philosophy/* 

89. Fig. 54 is a contrivance usually descril>c»d, in liooka on 
^lechanics, while speaking of the screw. It is called Uio 
endless^ or perpetual screw, from having no 
longitudinal motion, and therefore no limit 
to its range; but is really a comph*Y ma- 
chine, Iwing compounded of I he screw and 
the wheel. The thread of the screw is 8i» 
arranged as to act upon the teeth of the 
wheel, which are placed obliquely to its 
axle, like the sails of a windmill ; and, in fact, may bo 
regarded as forming exceedingly short jiortious of the threads 
of a many-threaded screw, of which the wheel, fontis a very 
thin slice, perpendicular to its axis. This wheel bears the 
same relation to the nut^ whoso place it snpphcB, that tfa< 
spur-wheel (Fig. 33) bears to the rac{ (Fig. 30). If the 
comn\on screw be allowed no motion but that of rotation, its 
nut must move longitudinally; and the teeth of this wheel 
move longitudinalty with regard to the'smali cylinder, but the 
w heel renders this motion circular, Vid therefore unlimited. 
Tlie cylinder, on which the screw is cut, being set in motion 


Fig. 54. 




84 


TBB WHIBL Aim BCIISW. 


by a winoliy or other meana, produoee a motion of the wheel 
upon its own axis, which may be in any direction. The rela- 
tion between the power and the resistance, supposing the 
circles which they describe to be equals will be as unity to the 
number of teeth in the wheel ; for each turn of the screw 
only moves the wheal through the/space of one tooth. Hence, 
if the power and the resistance act with different leverage, or 
at different distances from their respective axes of motion, 
the moment of the load, with regard to the axis of the wheel, 
may exceed the moment of the power, with regard to the axis 
of the smew, as many times as the wheel has teeth. For 
instance, let the wheel have 30 teeth : lot the power act on 
a winch 1 foot long, and tb load be a weight liangiug from 
a barrel of 3 inches diamotf<r ; then the power applied to the 
circumference of the wheel most be 8 times the load (for 
1 foot *4-11 inch = 8); but, as tbero aie 30 teeth in the 
wheel, the load on the winch of the screw may exceed the 
power 30 times 8 ss 240 times. This elegant machine has 
obviously far less friction than the ordinaiy screw ; and it is, 
perhaps, the most compact method evor invented for effecting 
a great change of velocity, and a consequent concentration or 
diffVision of power, according ns the screw is made to turn the 
wheel, as in a barrel-organ, or the wheel the screw, as in a 
roasting-jack. It would require a train of 3 or 4 purs of 
wheels and pinions to produce the change here effected by 
cne wheel of the same size ; for, as a pinion cannot have less 
than 6 or 8 teeth, it will turn a wheel 6 or 8 times &ster than 
the same whed would be turned by this screw, which may be 
regarded as a pinion of only one tooth ; and, conversely, the 
wheel will turn the screw 6 or 8 times, while it would be 
taming a pinion o&oo. But these advantages are greatly 
connteibalaticed, by the fact that the action between the wfaed 
and the screw is necessarily a ruMtn^, and not a filling 
action, as that between tlie wheel and pinion should be (page 
58), and thua it leads toiar more rapid wear. 

Tba most important ap[dicatioo8 of Statics to the equBi- 
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brium of fixed straotures are treated of in Badimente of 
ClTil Engineering/' 

90. In ooDclading this notice of the mechanical powers or 
elements, we may obserre that none of them can be regarded 
as artificial inventions; they are all copied from Nature's 
mechanism. The we \ave ^on, is the general 

machine employed in animal movements. The veheA^ also, 
is fonnd in some of the lower infusorial animals. The eard^ 
pulley principle is employed in oar tendons, some of 
wliich have their direction changed by passing over fixed 
pulleys of cartilage, like the ring in Fig. 36.* Inclined planee 
and voedgtM constitute the cutting*teeth, tusks, horns, and 
other ofiensive weapons of animals. Some of the smallesi 
animals are furnished with rcrstot, or gimlets, by which they 
pierce the hardest woods, and even stone; and the sorew 
appears to be employed throughout nature, from the huge 
weapon of the narv^hal, down to the minutest miorosoopie 
vessel <3 of plants, not as a mechanical power, but as a oon* 
structive form, uniting strength with lightness and beauty.t 
Nor does it seem absent from the inorganic world; for, 
among the mysterious relations of light, electricity, and mag- 
netism, are found some which point to scrow-liko properties, 
or actions, in the elementary molecules of matter. Magnets^ 
and electric currents, exhibit mutual actions comparable to 
nothing else but those of the screw and its nut ; and light is 
subject, by the action of certain crystals, and (as Faraday 
has lately discovered, by this same force of magnetism also), 
to a kind of polarization, called circular^ wh\ch possesses 
screw-like properties. 

* One of the mutdet bj which the ejebsU ii movM it celled the 
iroehleam, from the iroehUa or pnQej through lAich the tendon peicei* 

t Nature presenta na with two apectea of tcrewt, poasesnng oppoaite 
longitadinal motioni, when their rotations are alike , or opposite rota* 
tioiit, when iheir longitudinal motions are alike. Convenience d ic tat es , 
however, that aU artificial screws should be of tiie same kind, and this 
kind la called rigkt^kanded. An example of the contrary, or klt-baaded 
screw, occurs iu the tendnls of the hop. * 
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1. ON DYNAMICAL, OR UNBALANCED FORCES— IN81 ANT A>EOUB 
FORCES OR IMPACTS* 

JU. When tbs forces or presauroa which have heon con- 
aidered in the aclcnco nf St > ics ce:iae to bo balanced, tlio 
body on wbiob tlicy ait aot in motion; in which case, 
other principles become involved in addition to those consi- 
dered in etatioa, and the investigation of these ooustitutefl 
the somewhat more complex science of Dynamics.* 

Statics is a dodnetive science, all the facts which it con- 
siders being doducible, like those of arithmetic or geometry, 
from abstract truths. The only difference between these 
sciences consists iu the number of ilicse abstract truths or 
idesA which arc taken into consideration. In arltbmotic, the 
simplest of them, wo ailmit only the idea of nuwlcrjj' in 
geometry wo add to this the ideas of apace and direction ; 
and in statics wo have to add yet another fundamental idea, 
that of force or preaaure. In dynamics we have further to 
introduce tho ideas (inseparably deiiendent on each other) of 
time and motion ; but in doing so we have also to depart 
from the province of pure deduction, and to admit truths 
vtiich ore not perceived by the mind to be necessary, but 

* TWi word being derived from HvafitQ, /itret or power f would pro- 
psrlj include sU the meehanical sciences, but custom has restneted it to 
ihet of motion, sad pieced it in opposition to Statics, which equally re- 
lates to fbroee. 

t In fractional arithmetio, indeed, and still further in algebra, or nni- 
venal arithmetic, by a gradual extension of this idea, it is eonverted into 
the Bunt compreheusiTe one of mupnitude or guanMp, 
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which depend on what aro called lam of nature^ and oiun 
only bo proved by an apf>eal to thoso laWH, t. by ojrperU 
menu Thus, dynamics stands at the head of the physiail, 
cxpcrin)ent‘il, or indnetire sciencea, and is, as far as regaids 
itb inductive part, the siiublest oi them all. Indeed, the 
facts of this science, a Inch Hod to bo cstaldished inductively, 
were so few and simple, that they wore nil (kmipletoly esta- 
blished more than two centuries ago, thus leaving the boicnoo 
to be pursued entirely by the method of deduction ; while in 
no other inductive science i’on it be said that the induction is 
} ct ciunplcto, or even likely soon to approach completion.* 

92. Of the alibtract idcsis above ineutioued, such os number^ 
ejHicc^ tTme^ pressure^ motion^ it is neither necessary nor 
possible to give satisfactory defitiitions. Wa shall not, thore- 
foro, introduce the reader into Dynamics by attempting to 
define motion^ any more than on introilucing him into Staiicc 
wo attempted to define force^ 

As the degr<‘o or intensity of motion may vary to any 
extent, this inteubity, vhudi is called rr/ociVy, may be treated 
like any other magnitude ; tliat is to say, velocitn^s may bo 
coiniMired with each other like pressures (4), so that their 
ratios may bo k presented by those of lines, areas, numbers, 
01 any other class of magnitudes. But we must here observe, 
that in representing velocities by numbers, w'o have no 
standard or unit which lias been agreed u{N>n, and distin- 
guished by a particular name, as the pound, ounce, dec., for 
comjKaring pressures, or the foot, inch, &c., for comparing 
lengths. Now this seemingly trivial fact leads more cir- 
cumlocution, and to the mathematical reader to more unneces- 
sary difficulty in the outset of this subject^ than might at first 
lie supposed. For instance, as we cannot form the concep- 
tion of a motion without associating with it some during 
which it lasts: the velocity may be constant or uniform 

* Astronomy, or rather that portion of it whioh may seem an exoeg^OR 
to this statement, can only be regarded as a branch at Pynamies* 
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througlioat that time ; or it may be ooDtinually accderated or 
retarded^ in which cases the Telocity at any one moment will 
be different from that M’hich occurs in the preceding or suc- 
ceeding moment. Now, as there is no fixed unit of Telocity, 
we must use two numbers ,to expmss a Telocity, for we can 
only represent it in numbers by lAing the units of two other 
kinds of fuagnitude, time and length. Thus, we speak of a 
Telocity of 12 miles an hour, or of a mile in 5 minutes ; mean- 
ing, in the first case, that if the motion continued uniform for 
1 hour, the space described would be 12 miles ; or, in the 
second, that if the motion continued uniform through 1 mile, 
the time elapsed would be 5 minutes. But this evidently 
applies only to uniform mot* ns ; so that, in expresnng the 
Telocity of a Tariable motion at any given instant, though in 
reality we have nothing to do with any other instant, in which 
the velocity is different, yet we are obliged to assume that it 
continues uniform through a certain time or space, and then 
state what the corresponding space or time would be upon 
this assumption. 

The method of ascertaining the velocity of a motion at one 
given instant, when it is constantly increasing or diminishing, 
is a subject into which we cannot now enter. We hope pre- 
sently to he able to make the reader understand the simplest 
case of this problem ; but we may observe that its general 
treatment in more complex cases is at once so difficult and so 
important, as to have been beyond the reach of all the mathe- 
matics of the ancients, and to have been the immediate object 
of the invention of fluxions by Newton, and of the differen- 
tial calculus by Leibnita — the two greatest aobievements ever 
made in abstract reasoning, and also the most useful ; for the 
whole subsequent pi^gress of exact science has depended on 
them. 

93. In statics^ force was r^(arded simply ss that which is 
neoessory to oppose or balance force. We are now to regard 
it, not as it is sometimes defined, the eauee of motion^ but as 
tho chanffe of motion. It is, to the fidse idea of 
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i force conveyed in the former definition that we may trace the 
origin of nearly all the errors in mechanical reasoning com- 
mitted before the establishment of the true principles of 
dynamics, and still fiitleu into when these principles aio 
neglected. The rea4ler muA regard it as fully established, 
thatyhrcc, in the sense in wmeh we have^already used it in 
statics, is not required for the maintenance of motion, but only 
foi us change — i, e , for efTecting, Ist, a change of itato from 
rest to motion, or from motion to rest;* 2nd, a change in the 
rehritg of motion, either by accelerating or retarding it ; or, 
did, a change in its direction, by defiecting it upwards, down* 
wards, to the right, or to the left. The inertia of matter is 
only another mode of impressing this idea. And since matter 
is ineit, that is, has no tendency either to rest or motion,t a 
body impressed with a motion must persist in that motion, in 
a straight line and with uniform volooity, for ever, unless some 
new force act upon it, either to change its state, its direction, 
or Its velocity ; for it cannot of itself change either its state of 
re^t or its state of motion, its velocity or its direction. This 
cannot, indeed (like the facts of statics), be discovered by d 
p/iori reasoning, but is inferred from experiments and obser- 
vations on all the motions producible by ns, or presented to 
our notice either in the heavens or on the earth, and is knowm 
to be true, because any other law which can be substituted for 
it will be incompatible with some or all of those motions. 

94. We are therefore to regard as being in equilibrium, not 
only such bodies as are at rest, but also such as are perform- 
ing uniform rectilinear motion; for it is only wihile their 
velocity or direction is changing (t. s., while they are being 
aooelerated, retarded, or moving in a cur^) tfiat the forces 
acting on them can be unbalanced, or can produce a resultant 

* This effect, however, never eomcc voder our obiervatiOD, baoraw 
we know of no body in the vntvecee in a state of absolute rest. AH the 
obienrable elbeta of force, therefore, are induded in theeapreeaion cAouft 
^ qf melton. ^ 

t See **lntrodncCion to Natml PhSoaophy/* 
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pn^ssnre ; and as long as this pressure remains unbalanced, 
the motion >iill continue changing in velocity, or direction, or 
both ; whenever it liecoincs straight and unifonn, the resultant 
of all the forces Renting on the body = 0, or it is not subject 
to any iinbaianccd foreef Thu# when a train or a stcam- 
bo.it lia*« boon started, its ^elcreity continues for a certain 
time to increase, because the forces that urge it forward 
exceed the friclion in one case, or the resistance of the water 
against the bo^s of the boat in the other; but these opposing 
forces are dependent on the velocity, and increase because it 
increases, so tliat they presently become equal to the forwarrl 
force ]m]»arted by the engmes, and then (he motion becomes 
uniform, and the body, alti ngh moving at itb lull speed, is as 
completely in eqiiilibiium us when it as at re&t. Thus, the 
motive power is leqiiired, not to maintain the motion^ but to 
maintain equilhrium with the opposing friction or resistance. 
The motion is maintained because the body has been set in 
motion, and, being inert, has no tendency of itself to alter 
that state; and also because any alteration of velocity (vr bother 
an increase or diminution) would, by increasing or diminish- 
ing the resistance, while the stcam-jmwer remains uiiallcrcd, 
leave a portion of the former or of the latter unbalanced, and 
this uiibalunccd force acting against or with the direction of 
the motion, w ouhl retard or accelerate it till the former velo- 
city WAS re-established. Thus the equilibrium is stable, or 
tends, when disturbed, to restore itself. 

Similnr to this is the case of a ])arachute or of a drop of 
rain, which being subject to the con*»tant force of gravity, falls 
with constantly i?icrcasmy velocity, till the resistance of the 
air against its fa^l becomes equal to its weight, which if 
thenceforth exfiendetl in balancing that resistance, so that its 
velocity continues uniform. But in falling bodies generally, 
this equilibrium is never attained, so that their velocity con- 
tinues to be accelerated throughout their fall. 

do. The dynamical oflect of force, then, being a change ill 
motion, it will readily be seen that a continued force or 
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L prmure^ such as we Iiave hitherto been chiefly coneiJeriiig, 
uiUHt produec a continuous change, whether in velocity or 
direction (wliich must in this case he curved). The simpler 
cflect of a sudden change of velocity, or an angular deflec- 
tion, can only be producerL by an jmpaet^ or iiistaiitanemis 
excrticui of force, such as ineiitioued»wI)f*i) upraking of 
tiie wedgo (83) ; and to this kind of force we will, therefore, 
for the fu’osent conflno ourK'lves. 

fl(i. The greater part of the forces which impart motion to 
a body act directly upon only a feu of its inulocnles : thus, 
when a hiJliard hall is struck with the cue, we touch only a 
small portion of its istirface; when a bullet is projerlotl from 
a gun, the gast's suddenly evolved iroin the pc»wder act U)K)n 
only one bcraispliero of tlio bullet. As all the parts of a 
b(tdy are set in motion by nn impiilso cuminunicatod to a few 
only of its molecules it is clr^ar that there must be a diiTnsion 
of motion from the juirls struck or acted on over all the other 
fiarts of the body before it can begin to move. When tlds 
is not the ca^c, the }nirt htruck w compreseod, flatlenod, or it 
is cliip}ie<l ofl’, and ])crfoims its journey alone, leaving tho 
mass behind; but when tlic force has time to bo projwgated 
tlirongh all the particles, the body is then improssed with a 
motion coniijioii to all its partode^. This diflusiem of motion 
from j)article to particle ief|uiic.« time; tho time may bo 
excec'dmgly short, but ii<*t inliiiihdy so; if dej»endH njion tho 
extent of matter to ho moved, and also u^kui its nature, such 
as whether it bo ineUl, stone, clay, wood, water, air, &c.* 
When a force has acted iifioii a body, and tlie^ motion has 
difl'obed itself over all tho inulocules, so as to iiiipresB them 
wdlh a common velocity, the force has done its work ; it has 
produced its eflect, and may be said to have passed from the 
moving power, or source of motion. inUt tho thing moved. 
Thus a stone projected by the hand, by a cross-bow, by a ^ 
sudden blow, or by an oxjdosion, describes a certain path in 
fepacc in obedience to tlio force wbicli has acted upon it once 
* See ** Budiiueiitarj Pneumatics*' — Sound. * 
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for all, and then ceased, leaTing tlie force tbns impressed to 
do its work. Now, if the stone in its progress met with no 
other form of matter, neither with air, nor with water, nor 
any other fluid, neither with any solid body at rest or in 
motion — if, in short, no pther feyoe acted upon it, it would 
continue to move with the san^ velocity and in the same 
direction for ever. 

2)7* The moving body, then, retains the impression of the 
force to which it has been subjected, and wo may naturally 
conclude that the satno force would not produce the same 
effects on diflerent bodies. The charge of j^ov, der capable of 
projecting a small shot, for exaroplo, may scarcely produce the 
slightest motion in a cannon hall. It may be said *tbat the 
reason for this is, that the l>4dl is so much heavier than the 
shot; but if this ^cre tho true reason, it would follow that 
if bodies of all kinds were deprived of weight, or had their 
weight neutralized by being sus[)cnded or balanced, they 
might nil be sot moving with equal velocity by the same 
inipaot. This would certainly not bo true, for it is an estab- 
lished principle in mechanics, that when the same force acts 
upon diflerent Ixidics free to move, their velocities are in the 
inverse ratio of their masses, or of the quantity of matter of 
which they are composed. Thus the same charge of gun- 
powder which would project leaden balls whose volumes or 
masses were as 1, 2, 3, 4, &o., would impart velocities to 
them as the numbers 1, &c., so that the ball whose 

mass is 1 0 would acquire from the same force a velocity of 
; tho mass equal to 100 would have a velocity 100 times 
less than that of a mass equal to 1, and so on hence it will 
be seen that the mass multiplied into the velocity gives in 
each case the samd' number : in the first case, 1x1 = 1; 
in the second, 2x^ = 1, and so on. This product of the 
mass of a moving body by its velomty, is called the fnomsit- 
lum, or mowing /broBf or gttantiiy ofmotum. In speaking of 

* When there is no friotioa, the fmaJleit Inpoet is saffieient to impirt 
motton to the latcmt aumt but oalp, of ooarse,« very iloir motion. 
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I multiplying a velocity by a weight, we of course moan only 
that the units of weight (ounces or pounds, for example) 
ore to be multiplied by the units of velocity (feet per second, 
or miles per hour, for example); and it mutters no) wliat 
units of each kind arc Gin|doyed, jpr the product thus ob- 
tained means nothing by itself, but only by comparison with 
other products similarly obtained by the uso of the same 
units ; and the result of this comparison will bo the Himo, 
whatever units are employed. The momenta, or quantities 
of motion, in any number of bodies, fonml in tins way, ^\ill 
bear the same ratios to each other, whether all their weights 
be measured in ounces or in tons ; their velocities in inches 
or in Tnil^s, and by the second or by the hour, provided, 
alw'aye, that they are all measured in the savie manner. It 
ap()€ars, then, that the same impact always gives the snino 
quantity of motion, whatc\er may be the body which it 
/mpeh; HO that th(5 true meosuro and chanieteristic of an 
instantaneous force or impact, is the quantity of motion it is 
capable of imparting. Thus, we may describe an impact by 
saying that it is equal to .50 lb$. moved 1 foot per «‘t‘cx>ud, 
or 1 lb. moved 50 feel jior second, nr 2 lbs. moving 2.5 feet 
per second, &c. Ike , all nunintug the sumo thing. 

98. In ordinary laiiL'uage, tlic forcfi of any moving body 
means its momentum, or the impact required to stop it, or t<i 
impart the same quantity of motion to a body previously at 
rest* Hence, wo sco; — 1. That when equal maws are 
in motion, their forces are proportional to their velocities. 
2. That when the velocities are equal, the forccli arc pro- 
portional to the masses, or quantities of matter. 3. That 
when neither the masses nor velocities are^ equal, the forces 
are in the proportion of both taken jointly, that is, the pro- 
portion of their products. 

* Bat the luefiil Sk^et U Sn mint oases proportional not to the moMsn- 
iuM, bat to the ett viva, for whiichsee Rudiments of CWU Engmcuiing|J* 
Port 1. p« 24. 
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99» Those theorems awy be illiutrated hy the apporatna^ 
MhdWa in Fig* 65 , Two bells of cloy, a, b, or of some other 
AMttfmrttlitvely ioelastio sobetaaoe,* ate snspended by strings, 

80 as to hang 
In contact at 
the middle ot 
a graduated 
arc. The arc 
should be cy- 
cluid*klan<l di- 
Tided, not in- 
to equal partF, 
blit as sho'an 
in the figure; 
our., so that 

the nitmbeie I, 9, 3, may be proportional to the perpen- 
dundar heights above the level of the point o. Now it will 
be proved presently, in treating of graiidty,*— 1. That when a 
ball thna snapeoded is let fiiU from any point of the arc, its 
Tsiodty will be Ae same whatever may he its mass. 2. Tluit 
this velodfity will oontinuany iuerease till it reaches the point o. 
d« That on arriving there, its velocity will be proportioiml to 
the square root of the vertical height which it has descended. 
4» That if it start from o with this same velcKiity, it will 
aiemid to the same height from which it must have fiillen to 
have acquired that velocity, and no higher ; because its veio- 
fUty ia^ by the aotion of gravity, constantly diminished, till 
at this premie height it is destroyed. The velocities of the 
balhb therefore, at the moment of their arrival at, or depar- 
ture fireui, the point o, may be escaetly measared by noting 
the divisions on^the scale from whidi they have descended, 
la whkih they asemid, provided the 4tli division be reck- 
tued ft, the Ml division, ft, foe. Now, rappow thew balk to 
te in tM<M% u4 to bo novod in oppoaito directions, 

, * Tila}aato« d b|f lH »M tW«n «to>a.<i»ftfcitairaiitoofoll»«i«o«io 
At toll' ' 
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A towAtds p, and b towards and then allowod to fall at ilia 
samo moment : if the balU &li throngli equal aroSi they wilt 
of eourse impinge upon each other with equal velooiUe«» and 
each will destroy the foreo of the other, and xemidii at 
rest/ for tqu/Oil mwm imving egwd pfilaeUief mwft have 
igua/ /orcef. ^ \ • 

Let us next suppose tlmt the hall A is double the Weight or 
mass of B ; and let a bo nused towards p ae &r as to the 
^st division , and let b be raised towatdi B as ftr as th^ 
lourth division. When allowed to doecond, at suob an in* 
tcival of time as to bring them Ixitb at once to the point 
their velocities will bo as or as 1 : 2 ; bat as 

tlieir iniiSfies are as 2 to 1, their forces will be as 2 )C 1 to 
1 X 2, or equal. Arcordingly, after impact these two bodies 
will remain at rest, because the equal and opposite forces have 
destroyed each other. So also, if auy bails have tlieir masses 
inversely os their velocities, their forces will be equal, and 
they Will consequently remain at rest after impact. 

Again, suppose A dud b to bo unequal m num, but equal 
in velocity ; that A is twice the sise of B, and that each fs 
allowed to descend from tlio Siime height, at p and b; if 
the velocity of each be called G, the quantity of motion in 
A may bo expressed by 2 x 6 s 12, while that in B will bd 
only 1 X 6 s= G. After impact the six parts of motion in 
B destroy 0 parts of the 12 in a, leaving only six parts 
in both bodies. Now the combined mass of both being m 0, 

6 

and their momentum ^ 6, their vdooity most be jua 2; 
80 that both will move on together with a velocity cmT jfoat 

* If the nperimmtbsctNfoUyfNuformtoii^ 
ara beoTcontidenbtocstsntt mm togIveagiamvalQclif, tbs bdfo sa 
impinging will penetrate eedi odwr# and form ime ball. If the laH^ tW 
of lead, they viU, imiier tbs sMse drouasiskwMb fiattsa ssdb 
then remaiD st rest* 

t TlweaactadiMmeatdfbiiiatervidrandemllBi^^ 
iwleee the bsBa be wsda to fottstr a cyekaM to miMp $ m stttoi 
with cyeMdal cbeeke, in the tuenner dcscifoed IWSber Sa» 
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iSi I of dielp Telocity before impact ; and this will carry them 
to ^ tbe height from which they descended. SimiJar results 
erill be obtarined when tbe balls are equal in mass, but have 
been raised to diflerent divisiona. 

too* This experiment* may hL pleasingly varied by using 
bolts of ivory, or $)me other eldltio material ; in i^hich case, 
the qnaiiktities of motion whi^ oppose each other am not 
(as with inelastic.bodies), but revencd; or at least 
would be BO if tbe elasticity of tbe bodies were perfect , but 
adtb all natural bodies a portion is destroyed and the rest 
i^Venied* The following effects, however, though never 
exhibited in perfection, may be very nearly imitat^ by the 
use of ivory balls. If tl l)aUs be ctfual, on removing a from 
tlie vertical up to any division, euy on the arc, ntid 
allowing it to descend and impinge on n, which is at rc^^t b 
receives the whole of a*s motion, leaving a at rest, and 6t.irts 
off with the force of a, asoeuding the same number of de- 
grees on Uie opposite scale that a had descended. Balls of 
day or wax thus treated would have moved ou both togethei 
to tbe division 1, because the same momentum being shared 
by twice as nmeb matter, must impart to it bulf as mu<*li 
velocity. If the hall a has a diflerent mass from b, gieatcr 
or less^ instead of being left quiescent after impact, it moves 
in the same direction with b if its mass lie gitater, or it 
rebounds in an opposite direction sf it be less.* 

Bat in no esse will the belle remain together The quantities* of 
motion gsdned by one and lost by the other being equal, Pilule thnr 
mosSM are uneqiml, the velodtiea gamed and loat will be mverwly as 
tbeir mosaes. When the velocity loat by the atriking ball exceeds its 
whdle veloeity before ^ blow, thia exceaa expresaea ito velocity lo the 
opporita (breetiou ; for motion foaf, or motion ffomed in the opponte 
dliwefiMit are Bio same thing* If a body moving northward at 10 miles 
an heart have its vdooity reduced to 3 milet an hour, tt mattera not 
iMijr it has lost 7 units of volodty northward, or gained 7 
Soulijmsvd i md if tta motion had been rUMmd, and become 3 mile* an 
h« l«d W units of northward velocity, or 
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101. When » number of ivory balls of the same sise 
siupenileil, as in Fig. 50, and the first is removed ftom the 
vertical, and allowed to impinge upon 
the otheis, the last only. No. 7, Is 
nio\ed, nnd this starts ofiftwitli the 
quantity of motion which No I had 
the moment it etrnck No 2, If tlie 
hills No. 1 and No. 2 he both tats<d 
from the veitical, and aUoerod to fell 
tojjether, the lobt too, Noa 6 and 7, 
will be raised. 

102. In the foregoing cases wo have oonsidered Uie offsets 
resulting from the impact of bodies advancing from opposite 
ditertions. Of oonrae, bodies moving in the same directfam 
liny impinsre if their velocities be different Thus, if a 
nrm-elostic body be overtaken by another, the two bodies 
after impact will move with a common velocity. If they be 
equal in mass, half the enm of their velocities will be ^eir 
common velocity after impact Since the bodies move in the 
same direciion, there can be no increase or diminnUon of 
motion by iinj^ct, but only a re*distribntion. If before 
impact A moveyitb the velocity of 5, and b with that of 8, 
the common velocity of the two bodies^ after impact^ will be 
4, the half of the sum of 5 -f 8. 

Now suppose A and b to be unequal in mass, as well as in 
velocity. If the mass of a be 9 and its velocity 12, its 
quantity of motion will be 106. If the masaql B be 7, and 
Its velocity 9, its quantity of motun will be 88. »Tii6 sum 
of the two motions will therefore be 108 88 sar 17l ; and 

this of oourse uill be the whole motion of^ho united nm is es 
after impact. pi\ iding tbis^ therefore, by the untied fli as (Wi 
(q q. 7 16), we find 171 16 ss 10|}, the eommoa veto* 

city of the muted masses. Is genernl, therefore^ vten tm 
masses moving in the same dixeeiloii imfdttge one ttpeh t|e 
other, and after impMt metre togedwtv thmr eommOA 
may be detemdned Iff 

utekrnm^ p 
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ly An lilMltbcn wliwli «qMrevl tb« Tcbeitic* ; ilw 
tut* |V«tel» iim* 9)rfaa«d, divided ^ the eom 
MEpnMdbf tin inuM% wUl give B quotient 

When # «e4jr ofeee in contact with » boiiy 

t||MM| Ik «•» mtintt* its Aotion by jmshiDg this body 
l attfi ^ 4ltd iSMlMfUBtiy oonnromoatinf to it raeh a quan- 
ff dMtitn Iteb ttlter ^ptet they move with a common 
ykmajpi ii tte sstass of tbe moviiig body be equal to tliat 
mt, it if evident that alter impact tbe motion 
Hl'W e^wiify ^BiUi<sA between the two niasaes, and tbe 
mom Imi lIDty eae^half, aince tbe maes hua been 
It will be third of the ^elocitj^ if tho 

4Mb reat ie doidde iM4 of the moving body ; and in 
when a. meting body ooimmmioates motion to a body 
M 99ibi the united vdoeity of the two bodiea is to that of the 
Wehig body aa the maaa of the latter ia to tbe aum of tho 
pm m m pt For e^tample, if a musket-ball weigh 

9^ it4 Teledly ou being fired be 1300 feet per 
tf H a eaunon-boli of 48 pounds suspended ais 
« aeb it in motion ; and the common velocity 

*of M 4o ibat of the bullet aa ^ is to 48 + 

dNi l«ia to 881 ; common velocity of the two is, therefore, 

td<M > 

itW aliout 1| feet per second. 


* hniikct-h^ atiikes againat a Ini^go tkone, or U fired 
ika, it oummnnicaies both to the atone and to tho 

ttlkklkdili tk iM[(Udia1wkwity» amall indeed, end not measure- 
tud^ irl( eos^ knov the mass of tbe mountain in addi- 
Wkbqr |MfkfiAlan> Tboinaasof a huge stone, hovever, 
ipqpe^finiiite eiqfipoae it In ifs%b fiM Iba^ or that ito masa 
Hh||pby|Wht,Sb ir4etltiy hfthr liVjpwt with the mi»ket>ball 
^ ad gtt aaCimd, and weighing 

|iit^iblHi«Ml.^l^liMiaet«e^tote5<ra ^ 
lb ** wwm Tsloslty of the 

'aSkH Ovkok ikU U about 



m AAtLimo 

inth |ier fl6con4» mwiAm wUcth % 

resistance and friotbn? <Hr mtfaei^ lUe lb speeAy 

Rl>sorbed by eaitotonjfog laNc»dle% aad^iNia \ff Am^iaAw^ iV 
earth. Hence it may be said ilM 

among material bodies, aiA Is ncVbr losl^ when W to 

bo so, it in fact only passed^ fronl the taeidiijy 
bodies which are at test, or are endued wilb •> Im 
aud at length it becomes insensible in eeiise|MMih ff fta 
enormous diffusion. In fact, aa we haVe mm% atoi^ mA 
only be destroyed by luotioU; ffedsCainedli and fibdidtt dilfiblm 
It, hut do not destroy it. 

104 ^The \olocity of projectiles is meaeufed tm 
pies of impact, by a large mass of wood^ or of sua* 
pended with os littie friction aepesdble* by a bsir dfiroiv 
caX\ed bailuttuipmJufum (fig. 57y. TbacaoimhdMl edkam 
velocity IS to be determined is fired agamsi Hie solid bloek 
of this peudalum, and the 
height to which it is made 
to OMiilate by the blow is 
shown by au index oU a 
u (todeii arc, and dotetminsi 
the \eionty uith which the 
iiia*vM fn^t licgm to move, 
wlion Its ipinntity of motion 
w as 1 qudl to that with w hicb 
the ball struck it. In the 
next section it will be sboWQ 
how this IS determined, hut we may hel)o observe iMd the 
velocity at starting is proportional to Hi« eqflsim loot 4l Urn 
vertical height nsoeiided (99X w^HateveiP mhy be tbo j 
when that curve is citcnhwv i» tbis fOstaaOii IhK 
cities are as the dkordi id tho arcs described I dt 
the arc be so gfadnattNl tbid the Mtdm m 
to their dbtances hi a aMl^t Una 
express tbe rshstbeL talocftie^ ifiafttaf Cmm fk* ^ 

Pemcaw who m 3feid of 

ft 


mg. $9. 
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EFFBOTS OF RAPID PROJECTtLM. 


&c()0 reepectiDg the effeeta of musket-shots and oanoon-balla 
wlitdi are not generally believed^ although they are simple 
eonseqnences of the principles we are now considering. Thus, 
a musket-ball will pass through a window-pane without 
cracking the glass, Jeaviog only a clear round hole. If the 
inusket-ball were thrown hy hand, the whole pane would be 
siiattered ; hut with the usual velocity of a niubket-ball, tliat 
portion of the glass actually struck alone yields to the blow, 
and the ball has done its work before the surrounding parts 
have time to share the motion.* If tho window-|)ane were 
suspended by a silken thread, the shot would only carry away 
so much of the gloss as wouh illow it space to pass .throuirb, 
without even breaking the thread, or causing it to oscillate. 
A sheet of ))apor placed on edge may be perforated by a 
pistol-hall without being knocked down ; and a door half- 
open may bo pierced by a cannon-ball without being shut. 
M. Pouillot mentions a case where a cannon-ball carried off 
tho extremity of a niuskot while it was in the soldier's hands 
without his feeling the stroke, just as the head of a thistle 
iiiAv bo struck otV by the rapid motion of a stick, without 
|>orooptihly bending tho stalk. Nay, if the roissilo be soft, 
as tallow, it ^ill act with the force of lead, if siifficiont velo- 
city he imparted to it. Thus, in tho well-known trick of 

* The pterein^ effects of ^ueb bodm are not proportional to their 
nwptng effects or momento. For nappoiie two unequal balh (as a G and 
a I i- pounder) to bare velocitier inrersely as their masses ; their momenta 
mil be equal (97}» so that both will hare the same power to move or over- 
turn an obstacle, but they will not penetrate a soft body to the same 
depth, that is, overcome a imilorm resistance through the same space, for 
hith will orercoine the fame resistance fbr lAe tame ienpik tf /tiwe, and 
dunng this time the awtfter ball will have penetrated twice as hw as the 
other. To have equal piercing edeets, therefore, their masses must be 
inversely as the tqfuum of their veiodties, so that their momenta multi- 
plied into thdr velooitiei may he equal. This mode of estimaUng the 
eflhdt by the product of the momentum and velocity, or the product of 
tbelbMft ttult^Ued ftmet by the vdocity, is ciUed the pnndple of vtt 
FiiNr. (fietp^;e93, iiols.) 
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firing a piece of tallow candle through a board, the parts of 
the tallow cannot yield until after a certain time; during 
that time the tallow behavos like a hard solid, and before its 
particles have had time to yield, the tallow has already passed 
through the board. So, alio, in firtbg a ^non-hall over ibe 
surface of a smooth sea, time is not allowed for the water to 
} icld much, and consequently it behaves like a solid, and rc- 
fli*cts the ball. In this way, it is said, iiiat uiuskct^lialls have 
even been flattened. 

lUJ. Ill our lutroduction to the Study of Natural Phi- 
losophy, some iiiustrations were given of what are called the 
laws of motion. It was there explained that every action is 
accompanied by a corresponding re-action, equal and contrary, 
lu the difrcharge of a cfiniion, the olasticity of tlio gases 
suddenly liberated by the ignited gunpowder, nets equally in 
all directions; it acts on the sides with equal and opposite 
forces, which ueutralizo each other unless (lie auinon bur^t 
by yielding to one of them ; the elasticity of tlie gases also 
acts towards the muzzle and the breach, and these two equal 
and opposite forces would also neutralize each other if the 
mouth of the ounnon wore cficctually secured ; but surh not 
being the case, the ball and the wadding yield: the expansive 
forces of the gas toward*^ the muzzle and the breach being 
equal, produce an equal effect, the one upon the b.il), and the 
other U[)on the canuon ; the ono moves iorwurds, and the 
other backwaids. This latter motion is called the recoil of 
the gun ; and the reason why the recoil produces so much 
less velocity than the shot receives from the opji isito force, 
is the greater mass of the cannon and its apfieudages, as 
compared with the ball. When a sportsiaan fires a gun, the 
recoil on his shoulder is equal to that which would bo pro- 
duced by a shot entering the barrel and striking against its 
8(did extremity, with the velocity with which the bullet leaves 
the same gun. Another proof of the oomparative slowness 
with W'hich motion is propagated through any eoosIderBihle 
is, that the recoil docs not begin to be 6b; until tiia 
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bulldt has actually left the mouth of the cannon. The expe* 
limeDi in proof of this was perfonned, tor the first time, at 
Roefaolle, in 1007) by order of the Caidioal de Richelieu. 
A cannon aas 8us})endcd horizontally^ from the end of a vci) 
long vertical shaft, or lover, inovo&ble freely about an axis at 
its other exiieuiity. The ball fired from it under the«<c eii- 
enmstauees strutk the objc'ct touuids uhicb it ^«as directed 
in pieu«)ely the same iimiiiiei os it did alien tbo oaniion nas 
fixed; showing that there cotihl ha\e been no sensible ultei- 
ation of its position untd tlio ball was dibchaiged fioni ft, 
otherwise it could not Lave Lit the same point, hut a point 
somewhat lower, depemliug uptm the .unuiuit of recoil. 

lOU. The lOMsUnce whu a moMiig body uucU with in 
the air, or in the water, is miy an ofiect of the tiansfcience 
of motion. A body moving in water must constantly displace 
a portion of the fluid e<|ual to its own bulk, and the amount 
of motion thus communicated to the water is so much lost 
by the moving body. It is generally admitted in such cab€*», 
for air as well as water, that tlio resistance is in proportion 
to the square of the velocity of the moving body. Wlicii 
the velocity is doubled, the loss of motion by re'-j:»t<iijce la 
quadrupled, because not only is there twice as much fluid to 
be moved in an equal time, but it has to he moMd wiih twue 
the velocity. So, also, when the velocity is tioblcd, the 
mo\iug body meets three times the number of purticles, to 
which it communicates tliree times the velocity, tbeieby 
occasiooMig nine times the loss. The resistance to a body 
moving in water is, therefore, about 800 times gicator than if 
it were niov'ing with the same velocity in air, for 't has to 
move 800 times much matter in the same time. But if 
the motion in air were 28 times faster than in water, the 
resistance would lie about the same, for 28 tmiofi tiie velocity 
geneiutes 28 times 28 times (ss 784 times) the resistance. 
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II. — EFFHCTS OP CONTINUED FOIICB8 — UNIFORMLY ACCELE- 
RATED MOTION — DB8CENT ON INCLINED PLANES AND CURVES 
^TIIE PENDULUM. 

107. One cannot Ju> bo struck with the different 

(leji;rees of rapidity with which bodies fail through tho air. 
A piece of gold falls rapidly, and a. dry leaf very slowly ; and 
tho popular leajbou for this dtffetcnoe ih, that tho gold is heavy 
iiiul tho loaf light; this, ho\M«\or, is not the true reason, for 
il the gohl be lieaten out luto a thin leai^ ueither its absolute 
nor Its s|>ecific weight is diiiiiiiished (indeed, tho latter is 
iiicicascHl), but the time of its descout through the air is 
gieatly •prohuiged. Tho fact is, that every body falling 
through a fluid is continually suhjoct to two opposite forces, 
1st, its which is constantly uniform, and acting alone 

Mould constantly accelerate the fall, and 2nd, tho ^uuf mtf 

which, as we ha\o soon, iiieteasos with the velocity, so 
that, liowoer simill at fli-t, it must ufti'r a certain time (or 
when a certain \elucity is acquircMl) becomo equal to the 
weight of the body, bo ns to pre\ciit any further acceleration 
(pairc 00). Now*^, tho gold presenting a larger surface when 
be.iteii out than in tlie lump, far more resHtnnee is opposed 
to the leaf than to a thick piece of equal weight, moving with 
equal velocity. Suppohing both to begin to fall at the 
same instant, when the leaf lias atlaiiicsl its ujaxiinum and 
uuiform bpecd, tho lump will btilJ cuntinuo to be acceleratodi, 
for tho lump requires a greater bpeod to generate the same 
resistance. 

108. As the attraction of the earth acts on alt bodies in 
})roportion to their quantities of matter,* it is of no consd<- 
quencp, as far os this attraction is ooncerfled, whether a body 
bo in a miias or broken up into small pieces, for each jmcoo 
w ill be as strongly attracted as when it was united in one 
sulifl mass with the other pieces. The attraction must also be 
the same on one of these pieces, whether it be in a lump or 

* For proof of this see Natural FhiJotophf/' [40]« 
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beaten ont into a thin sbeet, since the number of particles 
remains the same. The difference observable in the time of 
the fall of these bodies through the air is due to the resist- 
ance of that medium ; whence we may fairly conclude that^ if 
the air were altogether absent, add no other resisting medium 
occupied its place, all bodies, of whatever size and of whatever 
weight, must descend with the same speed. Under such cir- 
cumstances, a balloon and the siuoke of a fire would descend 
instead of ascending as they now do hy the pressure of air, 
which, bulk for bulk, is heavier than themselves. 

The conclusion that m the absence of a resisting medium all 
bodies would fall with the same speed, is established by a 
beautiful experiment with tli< air-pump, in which a piece of 
metal and a feather are let fall at the same instant from the 
toj> of a toll exhausted receiver, when it is found that these 
two bodies, so dissimilar in weight, strike the table of the air- 
pump on which the receiver rests at the same instant.* 

lu vacuo neither the size, weight, density, nor figure of a 
body, makes any difference in the velocity of its fall ; and all 
the differences observed in air, are easily explained by its 
resistance. For inf^tance, a 2-inch shot falls faster tlian a 
1-inoh shot, though of the same figure and density. In the 
larger wo have 8 tiroes as much matter to be moved, and 
also 8 times as much force to move it, and this would give 
it, in vacuo, the veiy same velocity (or 8 times the momentum 
of) the small shot. But it has only 4 times the surface, and 
is therefore (in a fluid) opposed by only 4 times the resist- 
ance. Again, a ball of lead and a ball of cork of the same 
testyAt fall with equal momenta, but the cork being larger, 

* A rimUar ezperimcDt may be made withoat tbe air-pnmp, by 
placing a pieoe of boc-presaed paper (or even tbe thinnest ttssae-paper), 
ainootfaly on a flat pieoe of polished metal or glass, rather larger than 
Itself, and letting them fidl together. Though the light body is upper- 
most, it will not be left behind, nor wiU it in the slightest degree retard 
tb^ ftdl of the heavier body, as it would if connected with it like • 
paints. 
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enoounten more resistance. Now^ let them be of equal 
their weights of course are unequal^ but they both encounter 
the same resistauoe, so that the oork, as b^ore, is the must 
retarded.* 

109. Having proved that in reality all bodies tend to fall 
V 1th the same velocity, the next point i j to dotenuiue what 
this common velocity is, and the relation existing between 
the space fallen through by a body and the time occupied in 
the fall. This relation will be the law of motion impressed 
by gravity upon matter. 

It would appear at first view tliat such a question iiiiglit 
bo determined exjicrimentaiiy by a cuntrivanoe similar to that 
used in*tlie guinca-aud-feather exjHiiiinent (108), only using 
a very long vertical tube instca^l oi the receiver, and having 
exhausted it, allowing a heavy body to fall from the top at a 
gneii instant, and then inarLiiig the [loitit at which it ai rives 
after the htp'^e of one second, two seconds, three seconds, and 

* This equality of speed in the fell of all bodice, when anrceMted, 
proies that Uicir quantitui of tuatUr or inertia aie exactly proportional 
to tbor ucighta, it pro>iH, for metann., that if a cubic iinbof etone 
liieigh tlirte tiuiee ae much aa a cubic inch of water. itconUuiiH three timee 
aa much matter , for it talk with the bame epeed, though urged b) a triple 
force, • e , It requires a tnj/lt prcbaun* to impart t4» it an iquul velocity 
HI an equal length of time; and quantitiee ot niatUr <an l>e estimated m 
no other w a) than b} conijwrmg tlie fou'eb requited to piorlucccqua) tl)rna- 
mical effects on tbtm. Thtae forct*B ma\ be eithtr mktantuniou9 or ettn* 
tinned, and thus we have two ways of ascertaining the (ouifuirative 
masses of bodies, Ist, hy oompunug the impae/a required to impart equal 
velocity to them, or, 2nd, bj comparing the /tresaiire# required to impart 
equal velocities in equal hngtlis of time. This hitter condition is netes* 
sary, becauH;, ai w( have seen (95) that every ctmUnued fore* or prrsfure 
most produce a continually increasing veluiity, and as any impact^ 
however small, may move any mass, however gi eat (103), so also any 
pretsuri, however small, may impart to any mass any amount of velocity^ 
by acting long enough. A pressure of a single |>oan<l might move the 
largett planet with any number of times its present velocity, and it would 
be easy to calculate how long it must continue acUog to produce %a 
effect. 
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80 on. But tlic difiScuIty in each a mode of observation ie, 
that althou^Oi a body at tlio ^commencement of its fall may 
move with uImiUo sloaness, so that the eye can follow 
it, yet the muon increases so rapidly, tliat it soon becomes 
<|uite im|Kis8i' iO to do so^ Acoiffdingly, philosophers have 
resorted to \aiiou8 coutnvancis foi so modifying tlio motion 
of the falling body as to make it appreciuhlo by tbo souses 
thniijgbout its hole course. 

110. The fii St philosopher who succeeded lu detecting the 
law of falling bodies was Qulileo. When the study of astio- 
nomy was no longei for him a safe pursuit, Lis acute and 
pow'erful mind recurred to his eoilter mechanical studies, ami 
during his resuleuce at Ski a, after being peisetuted by tbo 
Inquisition, he published, r at least collectul, inatcnuls for 
his ^‘Dialogues on Motion.'* lu this woik the following 
method IS given of making expemiicuts on the descent of 
bodies on inclined planes.* In a rule, or rathei ]>Uiik of 
wood, about 1 2 yards long, half a yard broad cue w uy and 
3 inches the other, wo mode upon the narrow ^ide or edge a 
groove a little more than an mob wide: wo cut it >cry 
straight, and to make it very smooth and sleek, we glue<i 
upon it a piece of vellum, polished and smoothed a'* exactly 
as possible, and in that we lit fill a very hard, lound, .iiid 
smooth bra^s ball, raising one of the ends of tbo plank a yaid 
or two at pleasure abote tbo bonzontal plane. We observed, 
in tlio manner that I shall tell you presently, the time w bicli 
it s|)ent in running down, and re|)eatcd the same observation 
again and again, to assure ourselves of the time, in wrhicb we 

* The invention of this method appears, from doenroents quoted by 
Ventnri and others, ta bear date at least as early as IbOt. Descartes 
insinnatis that Galileo first obtained from him the knowledge of the 
law estabbshed m thear ezpenments | but as Descai^ was not bum until 
1596, he must, if bis daim be tenable, have been a most astonishing genius 
at eight years of age. lie also insinuates that Goldeo obtained from him 
the isochronism of the pendulum, which, in tact, was discovered in 1583, 
thirteen yean before Descertet was bom. 
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never found any difference, no, not so much as the tenth part 
of one beat of the pulse. Having made and settled this 
experiment, we let the. same ball descend through a fourth 
part only of the length of the groove, and found the measured 
time to be exactly half tllh formes. Coiitiuuiug our experi- 
ments with other |K>rtion8 of the length* comparing the fall 
through the whole with tLo fiill through hal£^ two-thirds, 
three-fuurthe, in ^hort, with the fall through any part, we 
found, by many hundred GX|icriment8, tliat the npiu cs passed 
over were as the sqiian^s of the times, and that }his was the 
case m all inclinations of the plank ; during which we also 
remarked that the t lines of descent, on different inohnatioos, 
obicrve* accurately the pioportion assigned to them farther 
on, and dcmonstiatod by our author. As to the estimation 
of the tunc, we hung up a great bucket full of water, which, 
by a vciy small hole piorced iti the lK>ttoin, squirted out a 
fine thread of water, which we caught in a small glass, 
during the whole time of the different desconts : flicn weigh- 
ing from time to time lu an exact pair of scales, the quantity 
of water caught in this way, the differences and profiortione 
<>f their w'eights gave the dificrenccb and profiurtiims of the 
times; and this with sufli oxactness, that, as 1 said hefoio, 
although the cxpciiinintb were re|>eatcd again and again, they 
never differed in any degree worth noticing/' 

111. It will lie ohscrvo<l, that as the law first mentioned 
(that iho spaces fallen through from the couimcnoemont of 
the fall are pro]iortioDal to the squares of the times elapsed) 
applied equally wLate>er might bo the inclination of the plane, 
it must apply also when the plane is vertical, or when the 
body falls freely. The establishment so im|fortant a law 
by such simple and exquisitdy ingenious means may serve to 
remind the reader that Galileo is not unworthy of the 6une 
which still belongs to his name as a mechanical philosopher, 
as well as a persecuted astronomer. In later times, iho law of 
failing bodies has received a more complete exposition by^be 
admirable maebine invented by Atwood, and which will be 
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deecribed present] j. But first it is necessary to enter a little 
wore folly into the question, in order that the reader may be 
in a condition fairly to estimate the. merits of this machine, 
and the important law it is intended to illnatrate. 

112. The fall of a heavy body ftom a height is a uniformly 
accelerated motion, because the attraction of the earth, which 
is the cause of its fall, never ceasing to act, the body gains at 
each instant of its fall a new impulse, whereby it receives 
additional velocity, so that its final velocity is the aggregate 
of all the infinitely small but equal increments of velocity 
thus communicated. Hence, the velocity of a falling body 
at the end of two seconds i^^ twice that which it had at the 
end of one ; at the end of three seconds throe times that 
which it had at the end of one, and so on. Now, it has beeu 
ascertained that a body falling freely through space by the 
force of gravity acquires at the end of the first KH*oud a 
velocity such as would carry it, without any assistance from 
gravity, through about 32 feet during the second second. 
This is the Jlnal velocitjf of the body after one second. 
But during this second, the body passes gradually from a 
state of rest through various increasing degrees of B{>eed, 
until it acquires a velocity equal (o 32 feet per second, itb 
awrage speed, therefore, during the whole of the first second 
will bo the nrithiiietical mean 1>etweoii its starting velocity, 
w liich is 0, and its final velocity, which is 32 feet |>er second. 
This mean is 16 feet per second; consequently, the space 
actimlly fallen through during this one second must be 16 feet. 
During the second second, the body starting with the velocity 
of 32 fec't acquired during the first second, falls through 32 
feet, and also through another 16 feet, due to the action of 
its weight during this one second only. At the end of the 
second second the final velocity is twice that at the end of 
the first second ; so that during the third second the body 
would move through 64 feet, if subject to no force, t. s., if 
its weight had ceased to act; but os this force continues to 
act) and would during a seeond move it through 16 feet (if it 
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Lad no velocity at startiDg), Uie whole space described daring 
this second will be 80 feet> via, 64 feet by its prwioual^ 
acquired velocity, and 16 by that gradually added during this 
third second. 

113. We see, then, that^be weight of any body is such a 
force as will, during one second, impart to \hat body u volccity 
of 32 feet per second, in addition to any motion whicli it may 
previously have. During any other period it would imjiart a 
pro]iortioiially greater or less velocity ; during two seconds, 
for instance, a velocity of 64 feet per second ; c»r, during 
half a second, a velocity of 16 feet jier second. Hence, it 
appears that tho time occupied in falling, and the Jinal 
velocity,* are pro]K>rtional to eiu'h other; and that an in- 
crease in one is necessarily attended by a proportional incrcaso 
in the other. Now, we have seen that the atera^e velocity, 
durinir any fall, is exactly half tho Jinal velocity, for it is 
the between the velocity at starting, vis. 0, and that 

tinal velocity; hence, any increase in the time of falling, 
is attended by a proportional increase in tho average sficed 
(luring tho whole fall. But tho spaco fallen through is 
jointly proportional to the time occ*upied and the avt^rago 
velocity; consequently, when th#* time is increased in any 
proportion (say doubled), the lK»dy falls, not only twice as 
long, but also twice as fast, and must therefore fall through 
four tinies tlio distance. So, also, if one body falls tlin*o tiiiiOH 
as long as another, it also falls with three times tho !i\enigo 
sjieed, and consequently falls, altogether, nin/^ tilings th<‘ dis- 
tance. Thus, tho distance fallen must always he piopoitional 
to the square of the time occupied ; as ohservi^l in the expe- 
riments of Galileo. It will thus be 8een,^hut tbougli a body 
fall 16 feet in a second, it will only fail 4 f(H*t iu half a 
second ; for it falls witli only half as much avenii^o sjieod, vis. 
a speed of 8 feet per second, or 4 feet per lialf-twcond. Bnt 
it acquires a final velocity of 16 feet per second, which would 
carry it, in another half-second, through 8 feet, besides 
4 feet due to its acceleration daring that half-second, making 
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altogether 12 feet, and thus aoconniing for the fall of 16 feet 
in a second. 

We thus get un easy rule for determining the space through 
tihicli a body has fiillon, siiiiply by knowing the time occu- 
pied by the fail, and nipltiplyiug the 8<|uare of this by the 
number of foot through which a body fails in one scK'ond. 
For exam pic : — 

The heij^ht falleu during one eecond 1x1 fi** 16 feet. 

,, ,t two eecoiidii — 4 x 10 b 64 ftet. 

„ ,, three eeconds *« 9x10* 144 fret. 

„ four eeconde » 16 x 16 256 feet. 

„ ,t flvf seeotids B 25 x 10 » 400 fett. 

And the same rule will ap]>ly to any number of secondb, 
wholt* 01 iiactionni. 

114. To show more clearly how this law is derived from 
the unlfonnlty of the accelerating force, wc may take the 
of any figure to rcpiesont the time of the whole fall, 
which wu may divide into any convenient number of parts; 
and we nuiy makt* tho bn'adtk of the figure, at each of those 
divisioiis, reprc'^t nt the rrlority at the corresponding instant 
of tho full Then the atea of tho figure, or of any portion 
thereof, v\ ill represent the dhfance fiidU*n ihrowjk during the 
corresponding }nrt of tho time ; for this dibianco is jointly 
pro])ortioual to the time and tho aeeraye rt'Iocitj/y just as the 
area of a figure is jointly proportional to its hngth and its 
areraye hreatUh, Let us draw t*uvb a figure, in which the 
breadth at the commencement is 0, and tho increase is uni- 
form, i. e. by equal atlditions, for equal additions to the length. 
Hy observing the relations between tho breadths of tins figure, 
nt difierent points, and also between the areas of tho whole 
and of difierent portions thereof, and the areas they would have 
if their breadth continued equal throughout their length, we 
may leurn all that has boon stated abov'c, by simply substi- 
tuting time for lengthy velocity for breadth^ and dUtanoe /Men 
fSS* area. The foUowiug is an example 



OTHER UNIFORMLY ArCBLERATBD MOTIONS. Ill 
A iKxly falling freely during seconds ; 

Starting with a lelodty of - • - 

FaiU dunnff th^ \%i Bwund • < 

At.qumnir a Telocity of . • - - - 

Falls dwrfnff the Znd amwef - 
Aciiumnr A velocity of twice 33, oi 

Fa/h tfifi/nc <Ae Jr«f teevmd • . 

Aiqiuring ii velocity of 3 x S3 « 

Fallf dunn^' Me iiA rccoiuf • - 
Aoquiriitijr a velocity of 4 x 32 = 

f ilf\ Jut tag the hlh semnd . . 

AiquiriiiK tt velocity of 5 x jj j; 

hull%Ju fttg tha hu f-srctiud^ . 

Acqu riiijt a Onal vcNirUj of fi) time* 33 , 176 feet per •ccond. 

i/iu jmung a talul duUtme vj 3^ ninct 3^ tiniat 16 fast .... 4M4 

11.*). luw4 are not conniind to the motion of failing ^ 

l*ut ajtjily equally to ou*ry uuiforinly atTolorated motion, 
\ i'. euTv inofion jircMliiccd hy a uniform force or pressure. 
Ihus tlio I'iMiig of a cork titrougli water — the ndliiig of a 
do% n an inclined plane — ih«> ascent of the lighter arm of 
a balance — are motions pioduced, like tlibt of falling, hy the 
constant and uniform force of gravity, and are Ihcreforw 
uniformly accelerated ; t. c. if wc abxtract the rdlV^cts of fluid 
rcMbtance and friction, the above rules, hut not tl»e above 
numbers, will be found applicable, in every burh motion, 
the velocities, at any dillorcnt iiintauln, arc proportional to the 
times elapsed since tlie beginning of the jpotiott ; the average 
velocity is half the final vek»city; the spaces described 
during successive equal inteivals are as the series of odd 
numbers, 1 , 3 , 5 , 7 , &c. ; and the whole spaces described from 
the beginuiug of the motion arc oa the squares of the times 
taken to describe tlicm. But the nuiiierical data will^be 
diflfercut in each case of suck motion; that is to say, the 
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velocity acquired in a given time, or the time occupied in ‘ 
acquiring a given velocity, will vary in each case : and the 
rate of acceleration will never be so rapid as in the case of 
a body fulling freely, because the force will never be so great 
in proportion to the quantity oF matter moved. All bodies 
falling freely are ticcelorated at the same rate, because, in 
whatever ratio their masses may ditier, their accelerating 
forces preserve exactly the same nitio. If one body gra\ i- 
tato with 10 times as much force as another, it has also 10 
times as much matter to be moved ; but if w o could oppose 
tho weight of one lb. to the inertia of ten Ihs , we should 
obtain a motion accelerated 10 times more slowly than that 
of bodies falling freely ; f e. a motion that would require 
10 seconds to acquire a velocity of feet per second, or 
in ouo socond would produce only a velocity oi feet 
jtor second. Now this is exactly wdiat happens when a 
balance, whose beam and scales weigh 1 lb., is loaded with 
J) Ihs. in one scale, and 4 lbs. in the other: there is an 
unbalanced pressure of only 1 lb., but it has to move 10 lbs. 
of matter. 

110. To submit all tho laws, which have thus been ex- 
pounded, to the test of direct ex{>eriraent, is the object of 
Atwood's machine. It is obvious that tho circumstances 
attending a heavy body falling freely through the air cannot be 
olwerved by any direct method, since a fall during 3 seconds 
only would require a height of 3^ x 16 = 144 feet, a distance 
w hich could not be followed accurately by the eye in so short 
a time. This difficulty is got over in Atwood's machine by 
an ingenious artifice. Two weights are attached to the 
oxtreiuitics of a fiqe silken lino, which ]>ub8es over a fixed 
pulley, or very light wheel, so arranged as to produce very 
little friction; and the magnitude of these weights is so 
adjusted tffat their difiercuou is to their sum in the ratio of 
unity to any convenient number. For example, suppose 
one of the weights to be 31| pennyweights, and the other 
3:2^ pennyweights; their differeiioe will be and tbw 
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sum 64 ; con8e<juently, tiio accelrratiiig forc<' will 1 
that of a body falling freoly. Now^ as a body 
falls 16 feet during the first second, the descent 
of the pre]ioDderating weight will be 16 feet) or 
192 inches divided by 64 =€ iiichei^iD 1 soeond : 

12 inches in 2 seconds; 27 inches in 3 seconds, 
an<l so on. Ilenoo, by means of a long grailii- 
ated rod and a pendulum beating seconds, it w 
easy to follow the weight with the eye, and to 
notice the descending weight pass over the divi- 
sions of the scale; thus furuishing an ox^ieri- 
incntul pniof of the laws already explained . By 
varying •the ratio of the two weights, any other 
degree of acceleration may be obtained ; these 
variations arc, of course, only dificrent illustra- 
tions of the same laws. i 

117 . By means of this apparatus wo may also I 
ascertain tlic degree of velocity acquired at the end of any 
given time. To do this, the two weights are first taken equal, 
as, for example, 31 1 pennyweights each, when of course ecpii- 
librium is produced. In order to produce motion, a small bar 
about 2 inches long, and weighing 1 |>enuy weight, is }da<HMi 
upon the weight which is to descend. A brass ring, about 1-^ 
inch in diameter, being previously fixed at any proposed 
division (as, for example, at 12 inches) in the jiath of tho 
descending weight ; then, as this weight passes through the 
ring, the bar is left behind, and the aooelerating force being 
thus removed, the velocity will afterwards be unifonu (abstract- 
ing tho effect of friction). In this case we suppose that the 
body, at tbe end of two seconds, has descended through 12 
Inches, and that its final velocity, at the end of that time, is 
therefore 12 inches per second (l^ing twice its previous average 
Telocity). The uniform motion of the weight would then bo at 
tho rate of 12 inches per second, during the third and succee<rl- 
ing seconds, did not the friction of the wheel act as a retarding 
force, causing it to move dower and dower, until it comes to 
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rest It is usual, however, in practice to erect a stage at 
some coDvouient distance from the ring, such as 36 inches, 
through which the weight will descend in 3 seconds, the 
retardation by friction during that time boiug insonsible, if 

the a heel he well mounted, in 
the way shown in the accoin- 
|ianyirig ligure. The axle of 
the wheel carrying the thna*I, 
iI 1 ^tead of tnrtiiiig in fixed 
bearings or hides, rehts agiiiust 
the rims of other wheels, w Inch, 
if coiirne, are turned slowly 
by tlio inotiou of the axle rest- 
ing on thoin. lly thib means, 
the frietion is dimlnishi^d so ronsidcrably as to have no appre- 
ciuhlo cfleet in using the machine. 

US. (jiiHleo's OEjieriinonts on the descent of bodies on 
inclineil planes have already been mentioned. It will be 
evident from the jneeeding details, that the rate of accelera- 
tion on the inelincd plniiowiU be less than that of a body 
falling freely, in the proportion that the effective portion of 
its weight, n<'ting in tlio direction of its motion, is lons than 
its whole w-eiglit ; that is, as we have seen in Statics (78), 
the proporlioQ that tlio perpendicular height of the jdane 
bears to its length. Thus, on a plane ineliued 1 in 64, the 
motion will he tho same as tliat of the weights in the above 
example; for* the whole mass has to be moved by a force 
equal to only ^ of its weight. 

1 1 U. Hence it appears that (neglecting the effect of fric- 
tion) the final volocjjty, on arriving nt tho bottom of the plane, 
in dependent solely on its height, aud will be the same for all 
planes of equal height, however various may lie their lengths: 

H very reinarkahle result. From this it also follows, that the 
orrrag*i velocities arc tho same in descending all planes of 
e<juid height ; and hence, that tho times of descending them 
are exucil^ proportional to their lengths. 
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In Fig. 61 are represented four inclined plauos of various 
lengths, but of equal height. Th(» final velocities of bodies 
rolling down all these planes will be c 3 cact]y equal to that of a 


Fig. 61, 



body falling freely <lown the same height ; and tho velocity, 
after doM (Midiiig 4* or or any oilier portion of one of the 
]>l;iiie8, will lie tho biime tliut acquinnl in descending a 
siinihir portion of the vertical fall. Thus, if the time of 
descending any of thcbC routes bo divided into four equal 
parts — at the end of tho first Fig. 62. 

jrnrt, a body will have ftiiloii 
of the vertical hciglif, or 
of tho h^ngth of cither plane, 

% 1 / its far as tlio dotted line 1 ; 
nt the end of half the tune, it 
will (on any plane) huNO ar- 
rived at tho doited lino 2, 2, 2; 
iiinl'aftcr J of tho time, at tho 
dotted line 3, 3, 3 ; mid the 
velocitio? at crossing those 
dotted linos will be the same, 
wlicther the body fill! verti- 
cally or down oither of the 
planes, witliout friction. 

120. Another most remark- 
able result of those properties 
of inclined planes is the beau- 
tiful cxfieriment in w'hich two 
or more bodies are placed at 
different points of a dircle, and allowed to descend at the 
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aame instant along as many planes meeting in the lowest 
point of the cjirle; they will arrive there at the same time^ 
proving that tho times of falling through all chords drawn to 
the lowest jx/int of a circle are e<|uul. Thus, bodies starting 
from A, n, Fig. 62, descend in^cqucil times along the chords 
A D, li D, and CD. If the btalies start at the sanlo instant, 
then at every instant of tlio fall they will l>e situated on the 
j»eri|»hery of a smaller circle. Thus, after ^ of the fall, they 
will all ho crossing the semicircle a ; after the semicircle 
I ; and after f , the semicircle c. 

121. In tho descent of bodi ^ upon a curve, the resistance 
of the curve neutralises diflen .t jM»rtions» ’of the body*s pra\i- 
tatiiig force at diifercut points. Nevertheless, the velocity 
acc(uirod i.s subji^ct to the same law as in tho inclined plane, 
vis. it is due only to tho perpendicular heiglit fallen. Thus, 
at whatever point of tho curve the body may be arrived, its 
velocity is always tlio same as if it woro falling freely from 
the lovcl ot the point whcnco it started. For example, in do- 
scending tho curve drawn in Fig. 61, a body on arriving at 
the dotted lino 1, will have the same velocity as if it h.td 
fallen vertically, or along any road, straight or curved, dow*n 
to tho same level. Uii crossing the level 2 2, it will have 
twice, and on crossing 3 3, thrice this velocity. In ascend- 
ing, its velocity will <liminish, and it will cross these lines 
ai^aiii with exactly tlio same rohjveetive velocities as before, 
lienee it will be seen, that if there wore no friction, it would 
be carried over any eminence, or any number of eminences, 
lower than that from which it started, and would alw^ays 
have the same velocity at crossing the same level. 

122. Hence it pillows that the straight line betwreen tw*o 
points at different levels, but not in the same vertical line, is 
not the line of shortest descent from the upper point to the 
lower. To explain this remarkable fact, let us sup|Kise two 
boilies to descend from a to a, Fig. 63, one rolling along the 
inclined plane a b, and the other along the circular arc a c b 
( or the second body may be suspended like a pendulum, 
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wklob will bare the same efTeot). If a e di> ide oaob of these 
lines into any number of equal parts, it is obvious that 
each point of division on the 
curve will bo lower than tlie 
corresponding point on tlA 
««tfaight hue , so thtiU at 
vyvry instant of the dcbcent, 
the bndy on the cui\o ^\ill 
Iw lo^ier (ami thortforo be 
moiinir faster) than that <ni 
tiie straight line. Thus its 
i\»msre bpoed is greaUT, but 

its itiiiiney is also longer, and it becomes, therefore, a ques- 
tion. iHliitbor its si)ee<l, or its length of loiite, m incroaso^l iii 
tlie greater ritio. In the prcHcnt ciiho, the sjtocd more than 
comjHuisates for the increiisc of Ungth, so that a hoily will 
take tune to r<ill doan the curse a c n than do\vn the 
shorter line a ii, or down any flatter curve situated between 
the two It will W observed, that a c » i** the longest rir- 
cular curve that can be drawn fioin a to n without an ascent 
towaids n, but we niav yet give a grr.iter curvature, and 
eoiHi queiitly a greater length to the descent, without leiiglhoii- 
i*tg, but, on the contrary, still diminishing the ttmf of dewent; 
and A p Q u represents the extent to which the curvature may 
Ikj increased before the increase of length will begin to rom- 
liensato for the increase of speed, — in other words, it repre- 
sents the brachyetochrome* or cur re oj quxekut d*eecuL 
Fig 64 



Mathematicians Lave determined that this curve is tlie cydoidy 
or that which is described by a point in the circomference of 
a carriage- wheel rolling along a plane. Such a point as p, 

* PVem fipAxLOfQy ehorieet, sad 
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ing. deaeritMft a series of atoh-like etinres, each of whioli' 
ii^ealM a ojieloid. Now if a i^po be made ia the fonn of 
4ls» bidf of one of these oqrres inverted, as a p 4 b, Fig. 03, 
tU» wUl ke the line of qniekest descent from a to & Bat a 
pOttion of the enirve, e^h as p a (though descrii>ed in less 
time than the straight line p 0 ). is not the Hoe of shortest 
descent from p te a* To ind this, wo must draw a smaller 
ejdoid, of saeh dimenaioiis, that when its upper extremity is 
idhoed at p^ it shall pees through a. 

Bnithesyohdd ttossessee a still more remarkallo pro- 
pevi^f enltsd iiwe kr enism,^ and which consi'^ts in this, that 
fhom whatever pari of the emre a body may ooipmcnce Us 
dososnii it will always copy the satne length of time in 
reaohing the bottom. 3 he farmer pr<»perty belong! il only 
to ares extending to the np/nn* end <»f the curve, sis a i% a 0, 
Fig. 68; and the present belongs only to suth as oxteml to 
the fsinvr end. Bodies starting lro?u a. p, nml ii, at the siiiiie 
kitaliiti Will all arrivo at 11 together; and howover nrar to 
B a beti^ may start, it will be as long re.i(*hiiig o ns if it had 
deeoondcd the whole curve from a ; or if a ho<ly snspendiHl 


Fiff. 
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from a thread, na 
A B, Fig. (15, be made 
to oscillate betwem 
cheeks in the ham 
of balf-cyc loidb, a t\ 
acy in such a WHY Hut 
the thread will ju<)t 
wind over cither of 
ilie half-cycloids from 
A to c or c, the Uxly 
B, in swinging b^ 
a eydoid eBc;t so 


t yfepwtl* of ths lyclotil, th«t ft* h^htte, 

or %Mid i wy i ii i S i j r from lb is anotiicr cjdoU 


tli 


Mii%» 

^iSi»i from wliatom point hi thb onrro tho Mf m k vmiih 
to &]1, it will orriro at *0 and pMi Id il» gtoiMI hi 
the oppadte eatre in oqiMl titteoj; mi hDwever iwpeh he 
oscillations may diminieli k oxk«^t (by tier affiloM tHf Mo*^ 
tion, fro.),they aritt alway«%s IsodlroilDt^ ST 
This, in fact furnishes an uoe&rOi»oD» or^fMMfalo^ pen** 
dulom, an iustniment which would bo invaloablie in preodes 
were it not that no sabetaneo can be kuiid ioAMinI 
strength and flexibility to form a thread wbkh abalt eai% 
wind on the cycloidal cheeks^ and of sueh W iMuuhi m iM 
it shall not adhere to thorn. On this Siceount the cyetoidal 
pon<lulttfn 2 although perfect in theoiy, is inferior in piacUee 
to the Himple pendulum, ^hose valnaUe and remaskable 
piojMitu'a we arc now about to describe.* It Will he DM 
that when the common pendulum vibrates in vesy smiU 
arcs of a circle, its vihratious are, for all practical purposss^ 
isochronous, because the circle has the same ourvatnle as tha 
cycloid at Us lowest point, and may be Confounded with it 
for a small di«^tanoc, as seen near n, Fig. 

124. The pendulum is one of the simplest of scientiCe 
iii9truiiiont<<. and also ono of the most important, for by its 
means we arc enabUd, not only to measure time with pro** 
cisLon, but to determine the variation of the force of gravity 
lu ditlerent places, whereby data are furnished for detert 
mining the figure of the earth, and even the density and 
arfUTigeiijcnt of luatiTioU in its interior. 

Any weight attached to tlie end of a flexible 4hMd, 
and suspended hy a fixed point p. Fig. 66, may be said to 
constitute a pendulum. Its fundamental properties are^r#4 
to show, whou at rest, the exact verticsl, or U«e duDctioa 

m 

* But Che cfcloidsl chedu m tommy for properlf perfriwisf 
the csperfaMDts on impact deseribsd in (69). They oM iiiott heWw 
ever« be eitenaite, for a foiy amsB fiorlioai of them, a d, S A 
Fig. 66, wiU guide the fiody Ihrongh a large vaiiga of co d BrttOtt, via 
from f to f • 
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m which gravity aot8;* aecondly^ to oscillate in a Tertical 
plane when drawn on one side, and then left to itself. If, 
Fig. 66. for example, the pendulum p e be drawn 

aside to a and liberated, it >»ill debcend 
to e, ;uid thou ascend on the other side 
as far as B, describing an arc ii r, nearly 
etpial to the arc a c.t Fioin tht |>oint 
B it Hill again descend to r, :ind then 
ascend towards a, and su on, for a 
considerable time. AVhen the weight 
is descending from a to r, the motion 
ii accelemted. and in ascending from c n it is retarded. 

125. The motion of the r nduluin from a to or fiuin 
II to a, is called an oscxllatnm^ or a thbrithoji, It^ motion 
from A to f, or from B to r, is, of course, a half vibration or 
oscillation. 


The amplitude of each vibration is measured by the arc 
A B, divided into degrees, minutes, and seconds. 

The duration of a vibration is the time occupied by the 
fienduluin in describing this arc. 

12(1. If the amplitude of the vibrations of tho pcndalum 
does not exceed a certain magnitude, tho time of vibration will 
nut siuisibly vary, however the ainphtiide may vary. Thus 


* When asrd for this purpose, it is usually colled o plumb-tvM. 
t It would be quitp fijusl to a c were it not for the friction at r, and 
the reaistaiirc of the air; and without these retarding forces tlie pen- 
dulum once moved would never cease to nitcilUtr, the action of gravity 
being incessant. The proof of this is quite ronrtaai%e; for though we 
cannot remove these retarding forces, we can vary them in a given 
ratio, t. f . we can measure and compare them by other means independ- 
ently of the penduluA. Now, if we dimmish them to onc-htUf their 
(Viriuer amoiint, the pendulum will continue oscillating /u'tre as long as 
befoK; if we diminish them to one-IAird, it will oscillate tkriet as 
long, Oco. : which is quite suficieat to prove that if the retarding forces 
wore 0, the duratSoii of the motion would be ^ i. e. inflnite. In a space 
well eihaustttd by an air-pump, a pendulum has been known to osnllito 
for more than twenty houn. 



Galileo's intention of the penohlum. \2l 

iho time of oBci&lation will bo practically the same, whether 
the angle a P c bo 4** or 5% 2® or 3% or of 60 sniall a luagiii- 
tnde that the eyo cannot distinguish it without the aid of a 
microscope. It is certainly remarkable that the }H»uduluin 
should require as much timS to dcscrilm an arc of -j^ih of .i 
degree, as to describe one of 10 degrees. The rojwon, bow. 
ever, will be evident \ihen we consider that the eOect of 
gravity in producing motion depends ufK>n the obliquity of 
the hue PA. In tho position pc tbo force of gravity temls 
to kee]> tho |>enduluiii at rest; the impelling effect of tho 
force of gravity is inofisured by ibe distance of the pendulum 
from this p<»sition ; the greater this distance, the greater tho 
average velocity of descent ; and any increase of distanee 
within a few degre^vs (or in the cycloid any inoreasc what- 
crer) is exactly compensated by the increased speed of de- 
scribing it. 

127. This remarkable law of isochronism is said to bo the 
earliest mechanical discovery made by Galileo, while pur- 
suing bis studies at Pisa, about iho year 15B1. Being one 
day in tbo cathedral of that tetwn, his attention was arresU'd 
by the vibrations, of « a lamp swinging from tho roof, wliich, 
whether great or emnlU appeared to tho thoughtful young 
philosopher to recur a4; equal intervals. The instruments 
then in use for measuring tune lieing very imperfect, Galileo 
attempted, before quitting iho church, to test tins observa- 
tion by comparing the vibrations of tho lamp with the beat- 
ings of his own pulse. Being satisficfJ, by repeated trials, 
that the oscillations of tho lamp were isochronous, be con- 
structed a pendulum w ith no other object, at first, than (bat 
of ascertaining the rate of the puiso and^its variations from 
day to day. In tho ycAT 1583, however, we find him recom* 
mending the pendulum as a measurer of time. ly his first 
applications of it to astronomical observations, ho employed 
persons to count and regist4T the oscillations, but he soon 
invented mcaus for effecting this by mncbinery, and fifty 
years later, he describes his time-measurer,'’ or pendulum 

JfocAMiei. Q 
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cl<»cky tlie procufion uf which is so great, and sucii, that It 
will give the exact quantity of hours, minutes, seconds, and 
even thirds, if their recnrrence could he counted ; und its 
oonetanej is such, that two, four, or six suck instruments 
wUl go on together ho equably, tfmt one will not difler from 
another so much as *tho beat of a pulse, not only in an Lour, 
but even in a day or a mouth/* 

128. Seiung, then, that the \ibratioiis of the pendulum 
depend upon the furoo of gr.v\ ity, tv Inch acts upon all bodies 
with equal effect (108), we may naturally sup|io&c that those 
vibrations are not influenced by the quantity or quality 
of the weight suspendod. Hills of metal, of ivory, of wood, 
dtc., HUfl|>oi)dud by hirings o) i>e same length, vibrato in Uie 
satiu) time; and tbo same leinark would l>c true with icspcct 
to cork and other light sub'-tanees, were it not that they bear 
BO Hinall a proportion to the n'^istaiiee of the atmosjdierc com- 
pared with balls of metal. Ihc remark, however, is true 4 >f 
'all substances suspended in vacuo. 

12D. Seeing, then, that tlio time oscillation of a pen- 
dulum vibrating in small arcs, depends neither upon tho 
mognitude of the arc, nor upon tho qiiuutity or quality of the 
Sttbstanoe suspended, let us now in(|Uire what effect will l»e 
produced by vaiying the length of tlq? 8Uhpt»nding thread. It 
can be proved that if the Gircumfercncc of a circle be regarded 
as 3.1410 times Its diameter, the time of oscillation of a 
cycloidal pendulum (or of a common pendulum \ibrating in 
very small arcs) will be 3.1416 x tlio time of falling verti- 
cally half the length of the pendulum. Now as the time of 
oscillation hears a oonstant ratio to that of filling through tlic 
height of the pemjulum, and as tho times of falling diffeient 
heights are proportioned to the square roots of those heights,* 
it follows that the times of oscillation of different penduluma 
are as the square roots of the lengths of tho pendulums. 
For example, if we take three pendulums whose lengths are 


* For the heights fsilen are at tlie sgmn e« ef the times (1 M). 
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as the nambers I, 4 , 0, then the timoe of 
vibration will be respectively as 2, 3. HHjBHH 
Three such pendnlnms are represented in ^^m|||||||| 
Fipf. 67, consisting; of three weights suspended 
in the same vertical line h^ nu^ns threads, 

(.leh attached to two points of suspcnsifui. 

Jt will eusily he H^en on lejM uing this rxperi- 
mint, that the pomliiluni whose length is 1, 
mike^ 2 vihrntions io e\eiv 1 of that whose 
length IS 4, and *1 MhKUion«< to o\ory 1 of that 
whose 

Til (ftnernitning the ’ilio\e important laws, 
we li'ue taken what is sometinn calleil a 
stnnph’ or geoinetrii'al pindtihim, or one iii 
aOiicFi the weight of the thread i- altogether 
omitted, and the heavy hod y Mi^pi m led, sup- 
p<»Hed to have its whede weight collect4)d into HHHHH 
0110 physical point; or, in other wvirds, the 
sns 7 >ended body is 8up|>osod to ha%o weight w'lthout mag- 
nitude. 

I*1U. Wc now take the rase of wdiat is sometimes called a 
compound {icnduhim. in wlnrli the effbet of weight in the 
thread and magiiitndo in the siiopended body, are conshlercd. 
The M'veral parts of such a body will of coarse be at diflerent 
distances from the axis of Niisjiension. Now, if each matensl 
point of sn< h a body were to be connc(*tcd with tlie avis of 
suspension by a separate thread, and if, while (his syMtom 
were vibrating as a single 4 >cnduluin, the heavy body were 
to fall asunder, and each particle were to vibrate by its own 
M'{v)rate thread, it is evident that those nearest the point of 
*mj«}>en8Joii would vibrate m<»re rapidly than the reiiiol*'r ynr- 
tii lea In a heavy body, such as is used for the boh id a 
js ndulum, all the particles being lioniid together hy the forco 
of cohesion, moht vihmto in the same time. TIioih^ neareit 
tlie point of suspension must be retarded by the slower 
motion of remoter particles; while tliese, on the contrary, ar» 

Q 2 
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made to vibrate quickf'r by the tendency of the nearer par- 
tided to oscillate iu shorter times. Thus, in the annoxed 
figure, it is obvious that the extreme 
partidori at b must bo forced to os- 
«cillate In shorter times than they 
would do if left to theniselvos, while 
the particles at a must oocillate in 
lunger times than a simple pen- 
dulum whose length i<9 a a. There 
must therefore he some particle b« - 
tween a ntid Mtuated at such a 
disti ‘CO from a that the t^ndeIl^y 
of t It partir les abo\ c it to dcceloralo 
its motion, is exactly compensated 
by the tendency of the particles 
below it to retard its motion ; con- 
sequently, the molecule situated at 
this particulai^ point, vi^. o, o>^'il- 
ill exa(‘tly the ^ame time as it 
would do if liberated from all connection witli the other par- 
ticles above, below, and around, and w'cre set sw'inging by a 
thread w*ithout weight. This reuuiikablo point is culled the 
<v/?/rs of ojtcillation.^ 

* If the motion of • pendulum is to be complrtely itoppdl without 
producing any pres'ture on ihr point of sus|»enMon. the up|M'Hinit f(>rcc 
mnst be applied, not at its eentie ytariij^, but at its eenhe oj o^ctlla- 
Uon. Hence, thia point is also named the trri//e uj perntMon If a 
blow be given by a rod of uniform thick mss, held by one end, and swung 
round to a circular arc, the cfTct't of the blow u not so grr^r at the 
middle, which is its centre t^f gravity, ns at the centre of prrcfisMon, 
which IS firther from the hand. This pnipertv of the centre of jiercus- 
sion cun lie a'>certaiDed by going a smart blow with a ituk If we giie 
It motion ruimd the joint of the wrist only, and, bolding it at one 
estreniity, strike mi nitl) at a consulerahli nearer, or more lemote, 
than two thirds of its length ftom the hand, wc feel a painful jar or 
atiMin lu the hand ; but if we strike at the point which is precisely two* 
thirds of ita length, no such disagreeable jar will be felt. If we strike 
the blow at one end of the stick, vre most make ita centre of motion at 
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131. Tho distance of tlie centre of oscillation from the 
]K>iDt of 8u^}>cn8ion forma nhat ia calloil the Imyth of the 
fienduhim. Thia length ia in edect the length of tlie aiuiple 
pendulum, which would o^toillate with the eaine rapidity as the 
compound ffondulum. 'j'he }Kiaitiot] of the centre of oarilla- 
tloii <lc{»onds oil the form and nnignitmle of the oaoillatnig 
Nwly, the density of its aevcral jiarta, and the position of the 
axis on which it bwinga. A |>endnluin of copi»cr with a very 
thin rod, would have ita centre of oaoillution at o, Fig. 63 ; 
huf if the rod were thicker, ifh cimtro of obcillaiion would l>o 
higher ; but it can he so high as the centre of gravity, 
0 , thoiiLdi whatever raiaca or lowers the centre of gravity 
will ruibo or lower that of osrillation. A small weight added 
to the lower extremity caui^es the centre of osrillation to 
dcbcend ; if thia weight were filaccd higher ihun o, it would 
cause that centre to ascend. Acfs»rdingly, in j»oiue clocks a 
biiiall weight is in.ade t«> plide upon the jieiwluluin-rod, hy the 
adjnstinont of nliieh the clock may l»o regulated ; it is, how- 
ever. more common for this ]»ur])ose to cause the lH»h to ascend 
or d4*S(*cnd by means of a Mcr<*w placed Inmeath it. 

132. The addition of matter above the axis of motion, or 
lengthening the j»en<lulnin lieyoml A, has n ver}*^ remarkable 
eflbet. Ad the matter above a must be rising whenever the 
rest of the pendulum ia falling, and rice rer$S^ it tends to 
retard every motion, just as the Rinaller wi ight in AtwcRMl'a 
inachino retards the fall of the other. Hence the time of 
oscillation is lengthened, and may l»o marln ns Jong as wo 
please ; for, if the matter above a have its whoi6 moment 
equal tt» that of the matter l>elow a, there will lie no ten- 
dency to oscillate, for a will Iks the centre of graMty, and 

oiip-ihird of itf length from the other end, and U»en the atraiu will be 
r.voidcd. Thrt conveoienre of using a Mhmmcr, or an are, deprnda on 
tue position of its rentre of percussion , and swords have its position 
marhed on the Made, mod if ihry strike at a pi»int ver) near the centre 
of percuiaion of one sword, and very far from that of the other, the Utter 
will he broken, but not the former. 
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tlip body will remain at re«r in M'batovcr pasition it is places!, 
or if set in motion will tend to rotate continually, and a con- 
tinual rotation may Ik* regarded an oarillatic»n of infinite 
length. Now the nearer we brin^(^the centre of gravity to the 
u\iM of mot ton, tlie^ ne:m*V slialt wo approach this state, «nd 
the loriJter will Ims the time of oscillation, or the ^^reat»*r a’lll 
Im* the viitunl len;i;th of the iiendiihini ; so that this lenirih 
nuiy ho as ;rreat ns we pleaw, and when it is ^rrater than the 
nrtu.'il length, the cell tie of oscillation will l»e out of the 
jeiiiluluni, and may he at any diMtiince from it.* 

Iflfh Since the virtual leitfjith of a innulnlnm is estimated 
hy the tli**tiince of its co»» o of o«cilhition from th^ axis of 
BU‘<pfnsion, it follows fnuii what has been said (120), that the 
times of vihi*atiori of diderent |>endulums aro in the same 
proportion us the srpiurc loot'Aif ih^ tlisliiiices of their centres 
of oseill ithiti from their axes ol sii^pruisnui. Now it is very 
remarlxiihle, that whatever may he the positions of thoM? two 
points, they are always mutually com ertihlc. For example, 
if A he the axis of huspeiision, and o the correspond in;; centre 
of oseillatioii, the pondulum will \ihnito in the same time if 
ir he itjmoved fn>ni its biippirt, iiiv#Tted, and suspended from 
o instc:«d of a, for its eeiifre of oscillation will then he ut a. 
'I’his property of the pemiuliitii was niatlc ii**e of hy Captain 
Kutcr, ill his hihorious e\.|K'riinents on the length of the 
frceonds ]Kuidnluin, with a view to furuisliiiig a national 
hUindard of w'eighU and inoasiires. 

134. The niathematicai motbod of deternuniog the place 
of the centre of oscillation is somewhat difficult even in pen- 
dulums of the simple^}! forms and of uniform density, and 
h.i Tilly applicable ip others. It may be observed, however, 
that tlie time of oscillalton, and consei|ueiitly the virtual 
h ngth, is the same for all {msitions in which the distance of 
the axis of suspension fn»ni the centre of gravity remains 
constant ; and also, that the cimtro of gravity is always in 

* Thus we see that a body may be so held (or hare its fixed axil in such 
A posiUon) as to have wo comire of perenmon. 
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the Blniight line jtuuinj;: the centre* uf oscillation and the axiH. 
lienee, if a Bphoro be dmribed niUiui the centre of gm\ity 
with any ludiiia, another concentrio sphere may l)e fouinL 
such tliat if the axis be a tan^iit to any |M>itit of either the 
outer or inner sphere, the centre of* ohcillatiou a ill bo at tbo 
diainetricully op(K>^ito |M»int of the otier sjdioro. It is 
pushihic to find such a radiuM for one of these spheres as shall 
i.iaKo the other eoinenle aith it In this case, that is, a hen 
the axis and tlie eeiitio of oscillation an* at equal distances 
from the centio of they uro as near each other air 

possible, sf) that the penduluiii Uieii oscillates in the shortest 
time ]>«}6sihle. 

IMfi. Vhe determination of the exact \ irtuul len^^th of the 
peiiduliiin ulinitin^ m^coihIm, or other nicusuruble intervals 
of tunc, euiihlcs U'< to asc<*iiaiii s<mie iiiohI important facts 
i««pe<tiu^ the eiiith and the f<»ice of i^rmity, some of adiielt 
oili l»e noticed in tlic next H^ctioii. ](ui in older to make 
till* ]K*tidulun) applicable to ilie««e delieatc obsoriations, it is 
nccchwiry to determine, tbo exact time of a single 

vibration ; and, urortdiif^ the exact distance of tbo centre of 
o'«‘iliation from the of Mi^ftcnsion. Tbo first point is 

ditcnnimMl by obsemug the precise nuinWr of ohcillatioiiH 
made by the pendulum in a certain numlier of hours, as 
detoi mined by a good chronometer; .vnd then dividing the 
time hy the number of o^cillatioiih, the exml time of o«ie 
otKMllation will be obtained. Hut as it may bo tic*c<*ssary 
during scveral^hours to count many thouMind osi'ilhitioiis, llio 
chances of error are very gix*at : Uio nietbod of cuiundencea^ 
invented by Borda, may thcrefoie be employed. The pen* 
duliim whose motions are to l»e obsen'c^l is pimed before a 
)K*nduluin clock, and the two are so arlju^led as to oMcillate 
nearly, but not quite in the same time. The two )>eiiduluins 
are set swinging at the same moment, hut being slightly 
utiequai in length, they soon cease U> swing together ; one gams 
a little u{K>n the other, so that they lK>th cross each other in 
swinging, until at length one has gaiucil a whole osedUtion 
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Upon tlie other: when thia takes place, the two pendulums 
coincide for an instant, and again st^parate as before. Now, 
if all these coincidences be obscrv'cd in a given time, say 
three hours, the haml of the chn^k uill give the number of 
vibrations made by its pendulum, and the nuiidtcr of coin- 
cidences will show the number of vibrations which the other 
pendulum has gained or lust upon it. By adding or sub- 
tracting tiu number of coincidences from the number of 
oscillations shown by the clock, we get the exact number 
mnde by the ex[»erinieiitnl pendulum in three hours. Dividing 
the number of eocoiids in the three hours by this iniinlHT of 
oscillations, wc get the durat m in set^onds of each osciihiiiun. 

The length of the jkmkI .»am, that is, tlie distance of iho 
centre of <»ncillatioii from the point of suspoiibion, may he found 
by tho rule already given ^133), and by giving to the pen- 
dulum a uniform figure aud tnateria4 it is the more easily 
determined. 

13({. The time of vibration and tho length of a pendulum 
being kuowu, it becomes easy, first, to determine the length of 
a pendulum which shall vibrato a given time ; and, secondly, 
to dcteriniiio tho time of vihration of a }>eiiduluni of a given 
length. In the one case the time of vibration of the known 
pendulum is to tho tiiiio of vibration of the rc'quired pendulum 
as the 8(]uare root of the length of the known i>endulum is to 
the s4U.aro root of tho length of the required pendulum. The 
hecund pniblom may be S'dved thus ; — the length of the know'n 
|>eudiiluin is to the length of the proposed ]i«nduhim as tho 
Mpmrc of the time of vibration of the known pendulum is to the 
square of the time of vibration of the proposed pendulum. 
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Iir. UNIFORMLY KLTAROED MOTION rOMPOfilTION OP 

MOTIONS rUOJUCTlLES — HEAVENLY UoUIES — CENTRIFUGAL 

FORCE. % 

137. Whatever has been atated in the laat fioction reepccting 
vni/ttrmfi/ accelerated motion, as priMluced by tho coiidtant 
artjun <if a force in the »imt* direction in M*hich a body hs 
niovinjr, will bo found etpially upjdicable U> tho cowverho 
ea»c of mnforml^ retanLU iiiutioii, proiiucod by tho cxinataut 
mid uniform acUou a force in the contrary direction. As 
in the former eabc the \elocity incn^ased by equnl additions 
III (‘({Uiif tunes, bo in thib case it \n reducei) by e<|iiul lueeet in 
C(|ua) tiiiicH ; and if tho force l»c tbo biiino, the velocity loH 
in any unit of tiiiio, Mich aa a Bf>cond, will be equal to tliut 
gained iii a biiiiilar unit in the former caee. Thtia, when a 
body i» piojocted or thrown din*<‘ily upwarda, and then left 
to the action of gravity, it rifleK during any second 32 feH 
lea$ than during the previous scHMitid, until its velocity is 
rt'diiced to 0, and then to less than 0, that is, to a motion in 
tlie contrary direction, mIicii the aame law conliiiiioa uii- 
aiti'red, for the hmly gains, like any other falling body, 32 
feet of tiownward iiioiiuii j»er second, which is the winie 
thing ns losing 32 feet of upward morion. By taking tlie 
opj»(»site signs -p Aud — to represent ujntard ami domntraid 
\el(H'ity, we may easily determine the motion of a projectile 
shot upwards with any given velocity, say lUU feet fM»r 
* second. At the eml of a second its vel<»oity will In* reduced 
to 1 00 •— 32 = 6N feet per wvrmd ; but the average sjxnnI 
during tlie whole bceond is the mean between 100 and 08, 
%iz. 84 feet j»er second. 


lu tbr IM Mecond it rUet 100 .. ]C ■» 


In the 2nd 
In the 3rd 
In the 4th 
in the 5th 
Id the 6Ui 


84 - .32 • 
52 - 32 • 
20 - 32 -- 
~12 -32« 
--44 - 32 


81 feet 

52 bringifif^ it to 130 

20 156 

- 12 loeenog iC to 144 

- 14 „ KKi 

- 7f» .. 24 


feet frott 
the 

grotiDd 
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Aud another quartor-scoond will exactly bring it to the 
grouJKl, fur Its volucily at the end of the 6th eecond is 
100 -* (6 X 32) s: —• 02 fret per second ; and at the end of 
6 1 secoiidM it is 100 — (6^ X 32) = — 100 feet per second ; 
and the mean betwet'ii 0^ and 100 is 06, so that the average 
velocity during the quarter-second is 06 fiist ])er second, or 
24 feet per quarter-second. 

As the velocity diminishes just ns fast during tlie ahcont 
as it increases during the descent, the body passes any p<iiiit 
with the same velocity in rising as in falling, returns to its 
starting level with its original starting velocity, and takes 
the siuno time to perform th> «vhoIe or any part of its ascent 
as the whole or the corresponding part of its descent. 
Hence, liaving the initial vclooity, we can easily 6nd the 
time of ascent or dosoeni; thus, as 32 : 100 :: 1 second 
(the time required to gain or lose a velocity of 32) : 3} 
seconds (the time required to gatu or lose a velocity of 100) ; 
whence 6^ seconds are necessary, first to lose and then to 
gain it. The height attained, then, is 3j^ X 3| x 16 feet 
s= 156 feet 3 inebqs. 

136. We see by this example, that motions in the same or 
contrary directions can be compounded^ like statical forces 
(6), by mere addition or subtraction ; for, in fact, the placo 
of the body at any moment of its ascent or descent, at 
5 seconds after its projection, for instance, is the same as if 
it had first risen for 5 seconds with the uniform velocity 
imparted to it at starting, and then fallen for 5 seconds by 
the free action of gravity. The original velocity continued’ 
uniformly during this time would have carried it through 
•f 500 feet; and (ho action of gravity, as wo have seen 
(113), would bring it through — (5 x 5 x 16) =: — 400 
feet ; and, aeoordiugly, the action of both together brings it 
to 500 — 400 ss 100 feet from tlie ground. Tlie same pro- 
cess will give its exact height at any other moment of the ri.se 
or (aU. 

130. This oomposition of motions could not take place were 
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it not fi»r a physical law of fjreat importance and simplicity, 
which may be thus depressed, that the dynamical ifffrctg of 
forces are proportional to M«r etatieal fffeete. The same 
force which halanceo another fore© of twice the amount, will 
also w'hen unbalanced prcSluce twice as much motion : that 
in to biiy, it will either (I.) iiiifiart to Utice as much matter 
the eamo velocity in the etnne time; or (IL) it will iiu}iart 
to the tsatne matter ttrice the velocity in the enme time ; or 
(III ) it will im{»art t<i the eame imitler the sciiac velocity in 
half the time. It must he distinctly umlorstooil, ihui this is 
not, as «>otnc have su]»|H)s<‘iI, an abstract or necessary truth, 
but a }ih>>icul fact, or law of nature, — not a hict to Ik* lenriit 
t*y deduHion^ but by mdacUon from cxjicritnents ; and it is 
tir^ w'hich renders dyuaiiitcs nn inductivo seienre. The 
rules for the com]K>sition of stalicul forct^s may bo dediiciKi 
witliout any api>C!il to nntim* , but such appeal is tiCH^es- 
sary before wc can apply them to motions, for they would 
uoi be so npfilieable if motions were not proportional to the 
prcshurcs pnaluelng them. For iuhtunco, it might have 
hecMi so ordained that the dynamic effi^ta of forcH*« should 
Ikj as the equaree of their statical cifectM, or ptre rem?, — that 
a douhlo pressure should produce a quadruple moti(m, or a 
quadruple pressure ho required to produce a dimhk* motion, 
in neither of which cases could motions b© com|>oundo<i 
in the simple manner above ex{>hituecL One conseijucnre 
of this would be, that the proper nurtions of the various 
objects in a ship, for example, would not be so comfKiundod 
with the common motion of the whole ship as to produce, « 
with regard to each other, the same cfTecU as if tho ship 
were at rest. For oxamjde, to quote | case from Professor 
Robison, suppose a ship at anchor in a stream, and that one 
man walks forward on the quartcr-dtjck st tho rate of two 
miles an hour; that another walks from stem to stem at 
tho same rate ; that a tiiird man walks athwart ©hip, and 
that a fourth stands still. Now, let the ship be sapfioscd to 
cut her cable, and to float down the stream at the rote ef tbreo 
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miles au hour. Wc cannot conceive any difference in the 
ohau/i^o mode on euijh maiid motion in ahsoluto space; but 
their motions are now exceedingl j different from a hat they 
were: the first man, whom we may suppose to have been 
walking westward, is now moving eastward one mile jier 
hour; the secund id moving eastward four miles per hour; 
the thiid is moving in an obliquu direction about three 
points north or soiitii of due cast. All have buffered the 
same ehango of condition with tlio man who hud Wn 
standing btill ; he has now got a motion eastward at tho 
rate jf throe miles an hour. In this lUbtanco wo sco very 
well tho cncuinstanco of si ;enc8b which obtains in dio 
change of those four conditions. The motion of tho ship is 
bleinlod with tho <ither motions; but this circumstauco is 
equally jirosent wheiiover tho same previous motions aro 
changed into tho same new motions. Wo must abccrtain 
this hy considering tho manner in which tho motion of tlie 
ship is blended with each of tho men's motions. This kind 
of combination is called tlie cofnposition of motion^ to whiiii 
tho doctriiio of thojwullelogram of forces is applicable.* 

* Tlio importance of tbi4 principle, and also that of ejcpenment or 
aciive obtiervntion, aa ilistiiii;uihUcU from mrre ejjtertence or pa$»tvf 
obtenratmn, is well shown by the bniUiry of an objection onoe urged 
againat the Co|K!nuean system*— via. that if pir earth were really moving, 
a stone dropptd from a tower or precipice would be left behind, and fall 
at a considerable distance wfstaanl, just as it would, if drop]ied from 
the mast of a ship aailing on a ri^rr, be left abaft the foot of the mast. 
Neither of these ezperirueiiU was actually tried ; tbej were thought 
• too simple, and their results too obvious, to need a special eiaminatiou. 
So the objection waa met with learned argument^, answered by others 
equally satisfisctory, tiU |^er some years the discusaion waa suddenly 
cut short by the simple discovery that the stone does not fall abaft the 
mast, but accurately at ita foot (if in vacuo or in air that partakes of 
the ship's motion). Still no one thought of performing with care the 
other eipenment, till, after the eomplele establishment of the laws of 
motion, it waa seen that this would still, though for a different reason, 
afford the espmmmtum emeu for deadiog whether the earth be in 
notion or at rcet ; and now, instead of oonclqduif ayaimet its mothHi, 
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i 140. But, to take a simpler case than the above, and one 
which bus boon already considered statically (8). Suppose the 
b{»dy jr, Fig. 60, to be ai:ted ^g« 69* 

on at once by tiiree forces t>: 
in the directions of the ^ 
arrows A. is r ; that a acting 
alone would in one unit 
of liino (huch as a secund, 
or an hour) drive the body 
to 't , that 1) acting alone 
(and being weaker than a) would in the same lengITi of time 
diive the hudy no fbrther than to (» ; and that i\ in like 
Manner, *ucling alone, would cause it in the same length of 
time to reach c. Now, to iiud the ciicet of a and u uniUuL, 
ooinjilote thu ptirallolognim x ad by aud its further angle d 
is the jMiiiit to which the body will bo sent by the joint 
aetnui of both a and b, in the iame length of time that it 
would have oeeupiod iu reaching a by the action of a only, 
or in reaching h by the action of n only. This will be true, 
whotlior tlie two forces act both iu the same manner or iu 
dilTorcnt manners, however varied; but in the latter case, 
although the l>o(ly arrive at Uie }>oint d just as hood, yet it 
will travel thithor by a ilifTcrcnt route. In order that it may 
move along the Hiraigbt line xdy it is noiesaary that the tw'o 
forces act iu the some manner ; such, for example, as by an 
instantaneous impulse, which will cause a unif(»r]# motion ; 
or both may act continuously and uniformly, so as to product) 
a uiiifonnly accelerated motion (like tliat of falling IxHlies) ; 
or both forces may act with a continually varying intensity, 
both increasing or diminishing at the same rate, and the 
motion will still be rectilinear. But if one force be instan- 
taneous and the other continuous, or one uniformly routinued 

Y)rr«ii!ie the stonr does not fall at a great distance to the tenf, ute actually 
deiirt^ a dtreet proqf of that motion from the fact that it fulfs a very 
, minute distance to the easl of the vertical.— -Sec ** Introduction to the 
Study of Natural PhUocophy," (36). 
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and the other varying in intensity, or both varying by dif- 
ferent laws, so as not to preserve constantly the same ratio 
to each other, then the path of the Iwdy will l>e a curve^ 
still, how'evor, conducting it eventually to the point rf, in the 
same time that the force a w*oulif have takcu to send it to 
or w to h. 

Ihit sii]>poso the third htrcc c to act on the l>ody and to 
Iw C 4 a]):ihle of carrying it to in the same time that a and B 
jointly would carry it to d. We have only to complete tho 
panilleh^ram xdec^ to find that hy the combined action of 
all three forces the body will bo sent in tho same unit of 
time to c. Hero it should jbserve^, that w'hcthor we first 
find the combined efTeot of a b and then add that* of c, or 
first c^nnbine AO and then add a or first combine BC and 
then the effect of a, the insult in cither case >vill he tho 
same, and will conduct us to tho same point e, 

[t is another romarkahle con 80 (|uenco of this law, that 
whether we regard the directions of the three forces as being 
all in one plane, or in diflerent planes ; whether wo regard 
tho lines of this figure os they really lie fiat on tho paper, or 
as the }>rojection or picture of a solid pnnilhdo]>i|>ed, the law 
is equally true. The same process is of course capable of 
being extended to any number of forces or motions. 

141. This most important law as regards motions, may 
therefore be simply expressed in the following terms ; — ^that 
hy any lAmber of forces acting together for a given length 
of time, a body is brought to the same place as if each of tho 
forces, or one equal and parallel to it, had acted on the body 
sc(»aratc)y and successively for an equal length of time. 
Thus, by the SGp^'atc and successive action uf tho forces 
A, B, c, or equal and parallel ones, during a certain time, an 
equal time l>cing allowed to each, tho body x will be carric<l 
first to aj thence, by a force equal and parallel with n, it 
will be*carried to dy and thence to «, by a force equal and 
paridlel with c. Or if they act in any other order^ it is 
easy to see that x will be carried along three straight lines, 
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wliicli, tliougb forming & diiforcnt route in etioh rase, will 
yet in every case bring it eventually to the same* point c ; 
wliich is also the point to which it will l>o carried when they 
all act together f(»r the s’li^e lengtli of time during which 
h;iV(* supposed each to act separately. 

142. Let us now conbidcr tlie effect of the composition of a 
tnii/orm with a uniformly acee1cral4ni motion, the two being 
in different but not op]>o«iite direelious. In otbt^r words, lot 
us observe the effect of a constant and uniform force acting 
in any way on a body alif*ady in motion. Wo lm||| alrernly 
conjidered the fiarticulur cus('s in wdiicb the forco <lirectly 
assists or directly opposes the motion, — the former is tbo 
ciuso of falling boilio (III), the latter of those hIioI directly 
iipw'anls (137). Wo come now, therefore, to the general 
eaM* of i. c. bodies thrown liorizonlally, or ob- 

Inpiely. To siniplifj^ the question, let us suppoK' them to 
move in a racuuni^ so that they may 1 h) subject to no other 
force than gravity, which continnally them out of 

the straight lino which they would otherwise descrilKj (f)4), 
and which is called tlic hue of projection. Now it matters 
not whether this line he horizontal, inclining npw^ards, or 
inclining downward.^. It will constantly ho found that tho 
vertical depth of the projectile below this line at any niomoiit, 
is e 4 ual to the depth which it would have fallen during tho 
time which has elapsed since its projcctimi. Tims, if a 
cannon-ball be shot from a, Fig. 70, in tho din'ctioii a I, and 
its original velocity he such as would carry it through tho 
space A a during one second, then, if not subject to gravity, 
it would proceed in a straight line and arrive at a in one 
second, at h in two seconds, and so od« Bui gravity alone 
would cause it during the first second to fall \C> say 
from A to o. By completing tho parallelogram Art tiy, we 
see that after one second the body will liavc arri\'ed at 
exactly as if it had first been €*4irricd by the projeetile force 
during one second to < 1 , and then fallen during one sooood 
to In the same way, during the next second, the hall 
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moves in tLe direction of projection through tlic space a 5, 
or g A, and in the direction of gravity through A 2 a= 3 times 
16 foot. In tho third second it advances as much before 


Fig. 70 ." 



\iz. 2 t, and falls .5 times 16 feet, bringiifg it to tho point 3 
In tlic fourth uiid fifth seconds it advances in the <lireution 
3 X.% or 4 /, as much os in the first second, but falls 7 times 
and 0 times ns mucli, thus arriving at the points 4 ami 5. 
Now it results from this, that the points it, 2, 3, 4, 5, are 
necessarily situated ou a curve<l line of that kind calked a 
parabola^ and if the place of tho ball at any other moments, 
liowevor numerous, bo found, all these points will likewise 
fall on tho same curve. For instance, at half a second after 
projection, tho ball will have been shot through half a o, 
and will consequently bo somewhere on the vertical line c 
half-way between a o and but it will not be half- way 
lictween c and dy and consequently not in the straight line 
between a and g^ for the space fallen through in half a 
second is, as we have seen, not 8 but only 4 feet, so that it 
will be only 4 feet below o; thus aoooiinting for the con- 
tinued curvature of its path.^ 

* As each force prodnees its whole effect indeperdently of the other, 
it will be evident that the flight, however long, must be performed in 
the very eame time as if the bodj had been simply shot vertically up 
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143. Tho Banie construction will give us the j>ath of a 
projectile shot hori son tally, or obliquely downwards; and 
ill all cases tiio path will bo a portion of a parabola whoso 
axis is M'rticttl, or iu the direction of gravity. AVhcu tho 
inclination is upwards, as iA Fig. 70, the distance from a ut 
\vh)f‘h the ball again cn)sscs tho hoiisontal *Jine a 5, is culled 
the horizontal rawfc* This will bo the greatest possible, 
with any given velocity of projection, when tho body is 
projected at an angle of 45^ with tho horizon, which is tho 
reason that mortars are fixeil at that angle. In this ea>^c tlie 
greatest height attained is just ono-fourth of the nii)|b.* It 
^ is also remarkable that the range wdll be diininisbcd equally 
' by equal Moviatioiis from this angle, whether above or l>elow 
it. Thus a inortiir will (w'ith the eaiiio eliargo) curry to 
the Siinio distance, on a level plain, when it is inclined 40° 
as when inclined 60° ; or the same at 10*^ as at 80°. A very 
elementary knowledge of the nature oT the fiarabola will 
enable tho reader to deduce these, and some other singular 
facts, t 


to the bighrst lercl which it attains. So also a body shot horisontaily 
with aii) velocity, will reach any lower level in exactly the same time as if 
It had been simply droppid. 

* tiiat, 08 the time uf flight is twice the time of falling that height 
(or the exact time of falling femr times that height), the bail anives at 
Its d<*stination in the same time as if it had fallen a like distance vertically 
by the action of gravity. Hence the greatest range atlainalde (in fuel) is 
Id times the square of the number of seconds m the flight. 

t In all this, the resistance of tlieair has been ueglcrtcd ; su'd the lotro- 
(luctitiU of this new forc'e, varying os it does both in direction and inten- 
hit) (lieing always opposed to the direction of tbeiompoum* motion, and 
varying as the square of Its velocity), complicatqp the ]»rohlem so much 
as to render it one of the most difflcult in dynamics, and one which cannot 
lie said to be even yet redooed to a practical form. The calculations of 
gunnery are therefore necessarily founded on experiment, rather than 
exact reasoning. How great an effect the air boa in altering the parulwiiic 
form, will be obvious from the fact that this curve, if perfect, would be 
g^mmeifieai on each side of ito axis ; wheens, in the aictual path of a 
prejeetde, the descending branch is always shorter and steeper than the 
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144. We liave hitherto re/^rded granty aa a parallel force 
(or as acting evoiyubcre parallel to itself), because the centre 
towards which it is directed is so tlistant (ncaily 4,000 miles) 
that the lines converging to such a centre may bo considered 
]>ar:illel. But if the range of a projectile amounted to some 
miles, so as to lioa> a mi*astirablo ratio to tiio earth’s radius, 
it would he necessaty, in finding its path very ex<tctly^ to 
allow for the variation in the direction of gravity; or in 
other words, to regard it as a central force, by making tlie 
lines A a, a 2, 1 8 , ^ 4, f 5, Fig. 70, no longer parallel, 
but such as would, if continued, meet at the earth’s centre. 

145. A moderate ac4]uaitit. .ce with the coiiio sections will 
enable the reader to imagine the effect of this change, viz. to 

convert the parabola into 
one extremity of a very 
long and narrow ellipse, 
whose other extremity 
passes round Uie earth's 
centre, and has its focus 
at that centre. Such, in- 
deed, is the curve de- 
scribed by every projec- 
tile. Thus, in Fig. 71, a 
body thrown from a to b 
does not strictly dobcrilib 
a parabola whose focus is 
at F, but an ellipse, of wbiob one focus is at f and the other 
at r. It is prevented, indeed, by impinging on the oartli’s 
surface at B, from describiug more than a very small part of 

• 

ascending one. If a ericket*baU described a parabola, it would fall 
to the groand at obliquely as U onginally rose from the bat, bat 
it is easily seen that it fhlla niore perpeadiciilmrly. The want of symmetry 
will be more obvious in throwing a body of less density, such as cork ; 
but itincreaBes so greatly with the velocity of projection, that a oannon- 
bfdl win describe a 1 cm synmetricsl curve then a bell of cork thrown by 
hand. 


Pig. 71. 
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the carve ;• but if we snppoBc all ohstaclos to ho removed — if 
we imagine, for instance, the whole iimHs of the earth to ho 
concentrated at the |M»int r— tlie body would proexH^i nnind 
the entire ova), and (if ehcount€»ring no resistance) return to 
the point a u lienee it started, and eontinuc to revolve |K‘r- 
petnaliy in the same orhii, wiii(di would exactly rcseiiible 
that of a coniot round tlie sun. Or, sufiposing the earth to 
retain it*< actual dimensions, if a Inaly were projected horisim- 
tally from a wdth such a velocity as could carry it through 
the space a in the time of falling thiDiigh no greater Npaco 
than A c, such body, tliongli perpetually drflcctc<l by gra\ity, 
could never bo brought to the grouml by gnyir ity alone ; but 
(if meeting with no other iiiatter to be moved, siieli as air) 
w*outd continue in the elliptical curve a e which, after 

approaching within a certain distance of the earth, again 
recedes therefrom, attains its greiitcst distance at the point 
diametrically o[)posito to its least distance, and has, like the 
former ellipse, one of its foci at c, the other being in this 
case at /. By a nice adjustment of the velocity and direc- 

* If It be asked, What )>ecomeH of its motion ’ (for it ban been ntated 
( 105 ) that motion u neser lost), the reply is, that it is absothed by (i. e. 
produces iCa effect on) the mass of the earth, by checking and destroying 
the i*<|ual and cimtrary motion which was imparted then*to by the moil 
thf gun. Thus, were it not for the quality of artioii ami reaction, 
even the puny uiotiona produced by human agency woald gradually dine 
the earth out of her orbit, and derange the meebanism of the universe. 
A child jumping pushes the earth from him, as well as liim^>if from the 
earth ; and then attracts it aw much as be is attracted, i e. with as much 
momentum. As the spaoea moved through by each ore inversely as their 
masses, it follows tliat their common centre of gravity remains unmoved : 
and this comtrtaiion of the cen/re of grority ia aepnnciple of the utmost 
importance. It must be constantly borne in mind, tliat no actions, how- 
ever violent, between two or more bodies, can possibly move or disturb 
llic motion of their common centre of gravity,— f Ac/ can only be afFeetr<l 
by foroaa from witliont the eyatero. Even in the meeting of two cannon* 
balls, or the bursting of a bomb in the air, the common centre of gravity 
of all tim fragments wiU continue its previoiu course, perfecUyimdiitiirbca 
by the shock 
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tion of projection, tho eooentricity of the ellipse miglit ' 
liocome 0, or the path circular and concentric with the 
earth. 

14G. It is in this manner, tben, that the moon revolves in 
an ellipse of small occontricity, of which one focus is oconpied 
by the earth s centre. Her deflection from the straight line, 
inileeii, during a second, does not amount to anything 
appruuching 16 feet; but, nevertheless, it is due to a force 
exactly identical with that which deflects a projectile. To 
]>rovo this, we have enly to observe that the distance of the 
moon from tho centre of the earth is found by triangulation* 
to vary within certain limits, which, for the sake of sim- 
plicity, we wiircall 58 aud 6« terrestrial radii; t. e, 58 and 
62 times our distance from tho same centre. Now the moon s 
deflection, when at the former distance, amounts, during any 
given time, to of the deflection or fall of a terrestrial 
bo<iy during the same length of time. But when at the 
latter-named distance, her deflection is only Trtftv 
a terreHtrial body during an equal time. Those numbers, 
3364 and 3844, will be observed to he the squares of 58 and 
62, whenco it appears that the force which deflects the moon, 
varies in intensity inversely as the square of her distance 
from the cartKe centre varies; and this is confirmed by 
uWrving her deflection at all other intermediate distance^ 
lloiico wo may easily calculate at what rate she would be 
deflocted or attracted if placed at any other distance not 
comprised within these limits. Now, if wo calculate in this 
niauner her deflection or full, supposing her situated at our 
own distance from the earth’s centre, we shall find it would 
l>e exactly 16 feet in a second, 64 feet in two seconds, &c. &:c., 
like that of our projectiles or falling bodieat 

* See ** iDtrodvctioD to the Studj of Natural Pliilofophy/' (22). 

t The identitj of the force is further placed beyond all doubt by 
AiidiDg that the same variation of intensity, acoordii^ to the distance 
from the earth’s centre, applies also to terrestrial bodies; for the dis* 
tanee fallen by them in the first second is found to be rather kia upon 
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147* This calculation is celebrated as having laid the foun- 
dation of tliat magnificent discovery which forms the moht 
memorable epoch in the whole hibtory of science. But the 
reader must not suppose that the merit of this grand geni- 
raliisation consisted merely/ or indeed at all, in a b<»ld and 
^trtunate conjecture, supported by a few such calculations ns 
this. Such a c^itijecture was not oven new ; but in order to 
rem(»ve it from the barRm region of conjeeturo into that of 
rigid and useful demonstration, No^^ton hmi not merely to 
calculate, but to invent neto tnetActii of calculation (thotn* 
previously known being wholly iuailcquate to eidve such 
questions) ; not merely to demonstrate^ but to invent new 
li lodes of demonstration, such as, though never before heard 
of, should yet command universal assent. lie had, moreover, 
to show how this simple idea, when fully carried out, repro- 
sonted in numftery wight^ and tneuiure^ not only the 

main features of planetary motion, but all its minuWst 
details ,-*tiot only the mean motions, or ^uch os are obh<*rv- 
able witlnviit actual measurement, and reconcileablo with the 
simple notions of circular and uniform motion, — not only 
the inequalities detected by a more attentive observation, 
and still designated by the term anomafg (tiiough Kepler 
ha<l jii^i then reduced them to perfect order, and shi^'ii their 
dependence on the elliptieitg of the orbit *<), — not only tlic 
still smaller, and till then unaccountable and heeniingly 

capricious deviatioiis from these laws of KepbT, — but also 

» 

high mouhtAins than at the sca-leyrl, ant) to be diminiohed exactly as 
the sgifore of thr dutamet from the earth' h centre i« inri'*aM‘d. Tills 
has been proved by comparing the oscillations of a peuHulum at both 
stations, for the times of these oscillations can^c* comjiarcd, nth any 
degree of exactness, by oountiDg the number of them made in a day, or 
any number of days ; and we have seen that these tunes bear a constant 
ratio to that of fiilhng half the heiglit of the pendulum. A penduluio 
beating exact seconda at Chamonni, would lose upwards of ISO beats 
per day at the top of Mont Blanc ; the depth fallen by a body in the first 
second being nearly two-aevenths of an inch more ui the valley than on 
the mountam. 
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numerous other Tariations, too slow or too minute to be * 
detected by the instruments then in use, but which improved 
means of observation have since rendered appreciable, thus 
afibrdin^ continually, as the observations become more 
exact, new confimiationa of this wonderful theory; which, 
among all the mullifarions phenpmena of fulling bodies, pen- 
dulnins, the earth, moon, snn, tides, planets, satellites, comets, 
double stars, leaves not &ne fact imperfectly explained, either 
as regards kind or quantity; whether it he a oosmicu^ 
movement, perceptible only in the lapse of many ages, or the 
rising of one spring-tide an inch higher than another, or the 
gain or loss of a few beats pet month by n ]>en(lulum placed 
in a now situation. 

148. Not contont, like many theorists, with pro^ ing that his 
assumed force would bo sufficient to produce ull tlie obsened 
cflccts, Newton undertook to prove that no other force could 
possibly explain them ; no other Itcing roconcilcablo with the 
laws which had just been established by the indefatigable 
lalmurs of Kepler. This philosopher had devoted his life to 
the work of ascertaining the laws which regulate (I.) the rela- 
tive velocities of a planet in different parts of its orbit ; (II ) 
the form of that orbit ; and (HI.) tho relative Velocities of the 
different planets ; and he had succeeded in all three objects. 

140. First, with regard to tho variations in the velocity of 
the same planet, ho had found, that in the case of Mars (and 
it has since been amply contirinod in every other case), the 
imaginary line drawn from the planet to the sun s centre 
(called the radhu rector) moves always in the same plane, 
and in such a way as to pass over equal areas in equal times. 
Thus in Fig. 72 (/vhich represents tho most eccentric of the 
known planetary orbits), if the areas of the sectors 1, 2, 3, 
4, 5, be all eqiul, tlio planet will employ an equal time in 
moving through each of these portions of its orbiL It can bo 
^emonllMted from ibis, that the hirce which deflects it is 
never direeted otherwise than towards the point b; and, 
indeed, that a force so directed will necessarily produce this 
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"^Sact, may be easily proved* thus : — Let the body bo at o, 
and moving with such velocity as would in a unit of time 
carry it to by while the 
attraction towards a 

in the same hibiiiiiiiibbiiiibii^^ 
draw to^. 
suppose the 
attraction to act only 
an 

to impart, 

carry the 

h> By the 

be hcen |^H|||||||||||||||HH||^^ 

the end of this time, 

the body will be found at e; and as both the component 
motions are, for the present, supposed to l»c unifoim, the path 
of the body will be the straight line o c ( 1 40). Now let the 
attraction again act for an instant only, imparting such a 
velocity io^ardH s as would, in another unit of time, carry 
the body, if previously at rest, throut^h the sfMioe , which 

• Hofre%er aimplc thw and the other rnuiU of Kq>lrr’i Inlyniir* may 
appear, they eoold not* be elinted withoat a degree of perseverance 
almost unparalleled, and of which we can hardly form an idea. He liad 
neither the tejrfonf, which has been called "a portable obw+vatorjr/' 
nor hganihmMt by which a few hots of simple addition are mn^le to 
M*rve instead of aheeta of complex calculations. Yet thousaridt of 
observations hnd to be made and companM, not only to usiertain the 
truth of each of Kepler's laws, hut the falsehooi of each of his iinstic- 
fiKstul guesses— and these smountod, in the present case alone, to tem- 
/een Hia cootemporanes regarded him as a useless dreamer ; but 
without these discoveries we should have had no Nauttc^l Almmuui, 
Merchants, underwriters, tlic most practical men of the present day, 
stake tbcir fortunes upou the results of these dresmy speenlathnis of 
Kepler. 
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may be greater or less tban a g m any proportion. But the 
previously acquired motion of the l^ody would carry it in this 
second unit through the space e d equal to a c, and in a 
straight line Ivith it Wo draw, therefore, the paralielograiii 
eg* de^ and find that the body "will desicribe in this time the 
straight line c c. Now, by the well-known rules respecting 
the aw'os of triangles (Euclid, Bof>k I. Prop. 37), because d e 
and c s are parallel, the triangles e c s, d c s are equal, and 
(Prop. 38) b( cause a c and r d arc equal, the triangles a c «, 
d c » arc equal ; so that s c s is equal to c a s, or the area 
described by the radius vector in the seeoud unit, to that 
described iu tho first; and t ^refoic, if the attraction continue 
to act hy instantaneous impulses (ahelher equaf or not), 
re|»eatod at equal intervals of time, tho body (having its 
motion changed hy each impulse, but uniform during the 
intervals) will dcscrilie a series of straight lines, such that the 
area described in each interval will be equal. Now, Itowever 
sliort and numerous we suppose these equal jntervals to be, tlie 
law will sUll obtain ; therefore it will obtain when they are 
infinitely short, i.e. when the force acts contiiiuously ; in which 
case the scries of straight lines beoomos a curve. To whatever 
}H>int, then, the deflecting force (or attraction) may be directed, 
the radius drawn from this point passes over areas proportional 
to the tiroes of describing them; and oonversdy, when this 
uniform description of areas is observed^ with regard to any 
point s, it proves that the deflecting force is constantly directed 
towards that point This remains true, in whatever way the 
tnagnituds of the force may vary. 

150. The second law ohaerved by Keffler, is, that every planet 
describes an orbit, having the sun's centre in one of 

its foci.* As the fbnner law enabled Newton to deduce the 

* Strictly ipeftkinf • bowever, neither this nor flie foraer bw epplict 
floactly to the tini’t cen/re, but to thet potnt near it which ii the ODminon 
centre af gravity of himsrif end ell bis pleAeti, eml which point ie« ei 
Wb hbte Mem ittssof edbk hj any action between the bo^ of the 
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Vianner in wliioh the direction of the force varies; so tlio 
present enable^l him to prove how its magnitude varies; vis. 
inversely as the square of the body's distance from iho contro 
of attniction ; so that if the distance bo doubled, the force is 
diminished 4 times. It has been thought by some that tins 
ib a necMsarjf property of every force directed to or from a 
emtre^ because anything sprmding in all directions from n 
ctnitre, — flight from a candle, for instance, — becomes, at a double 
distance, spread over a quadruple s]»aco (twice as long, ami 
twite as broad); but it has been doubted wlioihcr this argu- 
pieiit can bo extended to forces in general, and the groat 

^^philosopher himself certainly rcgiiriled the law os an ejrperi^ 
mental ohc. It applies so universally, however, to central 
forces, that this may be considered useful as a inoihod of 
ImpressiDg it on tlio memory.* The proof that it applies to 
terrestrial gravity has already been mentioned. (See note, 
liago 140.) 

151. Kepler's third great discovery, instead of relating to 

the motion of each planet separately, indicates a relation 
between them all ; thus binding the whole into one har- 
monious system, and eoiibling Newton to prove that the forces 
deflecting them towards the sun arc not merely eitnilar^ but 
identical, Kepler found that ihe* periodic tima of any two 
planets (f. e. the times occupied in revolving round their whole 
orbits) are proportional to the equate rooU of iliO cube$ of 
the hmgect diametere of those orbits ; or, as it is oommonly 
stated, ^ the squares of the times are as the cubes of ihd mean 
distances for it will be observed that the mean distance of 
a planet from the sun is half the ojeie (or longest 

diameter) of its orbit, for it comes to itM^reateet and leaet 
distances at the two extremities of this line, which is, accord- 
ingly, equal to the sum of these distances, or twice their mean. 

152. From this law, Newton proved that the deflections in 
equal times of two different planets were connected in the very 

\% * Hill b bior fdOj explaiaed bf a flgm in ** latrodoctSoo to Natml 

PhiloMyplisr/' (55). 
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fame nuuiner as those of the sams planet in different parts 
of its orbit ; Tiz. that they were inrersely as the squares of 
the distances from the sun's centre. Thus the same sort of 
connexion is established between the tunteard deflections of 
different planets, as between the earthward deflections of tlie 
moon and of a projectile. Moreover, it follows, tbat as all 
the planets are deflected inversely as the squares of their 
distances, they wontd all be deflected equally if at the eame 
dutaneey t. e. they would all fall sunward with equal veloci- 
ties ; just as we have seen that all terrcstnal bodies (at the 
same place) fall earthward wiUi equal velocities; and that 
the moon would do the samt ^t the samo distance. Thus we 
have another point of resmubiance between solar and terres- 
trial attraction ; that each pulls all bodies at the same distance 
with equal velocities, aud therefore with forces exactly pro- 
portioned to the masses of the bodies pulled. 

153, The observance of exactly the same laws in the mo- 
tions of the satellites of the great planets, shows that a force 
of the same kind is exerted towards their centres. Moreover, 
at equal distances, the largest body attracts with most force 
in aveiy case; for the deflection towards Jupiter is 340 
times,— towards Saturn 101 times,— and towards the Sun 
354,986 timee— greater than that towards the Earth at an 
equal distance, and in equal times. That these numbers are 
only tn the order of (but not proportienal to) the sizes of the 
respective bodies, need not surprise us, for it simply indicates 
A differenoe of ieneityy by no means greater than that existing 
between some of the commonest substances around us, sneh 
as marble and wood. 

154. So fur we, find nothing to contradict the idea that this 
fofoe of attnetion is a peculiar virtue inherent in certain 
points, vii. the centres of these great bodies. But Newton's 
geueralisation went a great deal further than this. Having 
flrrt proved that all thace effeots would be exactiy the same, 
on the supposition of a similar force egarted by each fortide 
of matter eomposiiig them, be then showed that there were 
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certain other pbeuomcna not explicable on tlie former aiipito 
sitioD, for though a $pheri composed of attiaotive particles 
will produce on every other body exactly the same effects as 
if its attraction resided in its centre alone, this is not tlie case 
with a iphmroid or oranfi^iks body« such as Jupiter; and 
accordingly tlicre a^e certain variations observable in the 
motions of his satellites, which show that they are attraoted 
not merely by his centre, but by every part of his mass.* 
Sther incquiUites in their motions aiso prove that they 
attract each other, and Jupiter himself, with forces exactly 
proportioned to their masses ; and similar reactions between 
all, even the smallest, bodies of the solar system, account, in 
exact measure, for all the minutest deviations from Kepler's 
laws; 80 that at length — to place tho crowning stone upon 
this wondrous edifice — we have in our own day seen the 
inverse problem of perturbation solved. By tho comparison 
of certain deviations, not exactly explained by the action of 
the kfwwn bodies, theory boldly referred them to the influonee 
of a body previously un^Roten, and even pointed out its place 
in the trackless and infinite void ; so that when the telescope 

* The lunar innquabtiss prove the sane tUnx with regard to tbs 
mattpr of the earth. Bat a more satiitartory proof psrhi^it is derived 
from the fact that, notwithataoding the dimirmtiOQ of gravity in ancending 
mountains, it dimmuhea alio in descending mines, beesase the stratum 
of earth above ns tlirn opposes instead of aitUU the attraction of that 
below. This experiment was first tried by Messrs. Airy and WhrweQ by 
swinging a pendnlom at Che bottom of Dolooath Mine. That, alt proti- 
berances also share the attnetive power, k shown by tbs d e fi sot i on of 
the plomb-luie near the foot of moantains, which wu fint observed by 
Boagner and La Condamine at the foot of the Andee, and afterwardst 
with great pvedsion, by Maskelyne, in 1774, at tBs moantain Scbafaalttsiit 
in PM^shire. The plumb-line deviated about fi*' from the vertknl diroe<«' 
tion. It was esoeftabed from Chk esperimaat, and firom a oaiufid nsa* 
furemeat of the mountain and caaminfitlim of the dsnalty of Ita materials, 
that the saaaa of the tenrcstnal globe k aheat 5 ttema greeter than thiA 
of a globe of water of the aaoM dfaiwsione ; Cavendish made it 6.4, and 
the meent nepe tt t hw i of the Csfuadhii mperlaasat by the Aetremomkai 
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was pointed to that assigneil spot* the feeble glimmering of 
the planot was at once detected. This may be regarded as one 
of the greatest triumjiliB which modern science bas achieved. 

1J5. It appears, then, that attraction or gravity id a 
iiijiversial property, common to all matter, every particle in 
the universe* attracting every other particle; but the attrac- 
tion between two bodies both of moderate size, is too foeblc to 
be observed under common circumstancos. The attraction of 
a ship for boats very near it, bowcvci, is well known ; and 
(*avendieb distinctly observed, and even measured, that of 
lo iden globes delicately auspotided in an air-tight room, and 
viewed fioin a distance tlirou> * a tclesco|»o. 

156. The force which we <^11 the weujht of any body is, 
tlicrrfore, tlie rBiultant of the forces with which it is attracted 
by all the other bodies in the universe, all their forces being 
proportional to tboir masses divided by the squares of their 
distances. Suofa, at least, is a correct dednition of the weight 
of any body at re$t or in rectilinear motion ; but in the case 
of bodies describing curves, we have seen that some centripetal^ 
or oentroward, force is necessaiily employed in deflecting them 
from the straight line which their inertia would otherwise 
causo them to describe. In a wheel or a pendulum this 
force is supplied by the cohesion of the spokes or the 
pendulum-Tod, but in a projectile or a planet it is sujiplied 
by gravity. Now, in the oaso of all bodies resting on the 
earth’s surface, a portion of their earthward gravity must be 
employed in thus deflecting them from a straight lino into 
the oirole whioli they describe by the barth’s daily rotation 
and we must restrict the term wight to that portion of tlioir 
gravity which is n^t so employed, for this is the only portion 
which causes them to &11 or press downwards. If their 
gravity were only just sufficient to deflect them (as is the 
case with a planet), they wonld have no downward pressnro, 
that IS, no w^kt This Is what actually oeours on the 

^ U bss heea sstshlitM bf the joint Uhonn of the two Honehslt, 
that the mme force regalates flu BOtfone of tbs imiBMeiirahly disfoiit 
dtenSlv efore. 
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outer edge of Saturn’s ring, and is in all probability necessary 
to the very existence of that stapoiidous arch.* '1 he bame 
thing would oiciir on the earth’s equator li litr luUtion 
\iore only 17 tiroes more rapid than it in, for the defledntn 
fioin u stmight line uould Aicn amount to 16 ftvt in 1 sccoiid, 
hi feet 111 2 bocoiids, ^* 0 ., or would boas much as> gUMty 
«iould produ( e. At present, liowover, the dc6o( tiou of a hotlv 
the equator during a stcoud is only about ot an iiieh, 
so (iiat a body doprned of Mii,;lit would, in const querns of 
Its inortij., ]>iiisue a straight line, oi lam/etit to the eqtmtor, 
wiiuli would in 1 second lift it 4 ^f luch abo\e the 
tsurtme, Now thn» Undinc^^ which the iiieiua of bodies 
gnes tlibiii, to xccedc fiuni the centre of their motion, may be 
rr^«irdcd as a /t>rr«, umlir the naino of untrifutial force 
’lliL ftityht oi a bod}, then, is the ziNulUiit ot its ^rarity 
lowjidh all the othci bodich oi the umxcrse, coni|K>uiided with 
iU centrifugal force 

1 >7. When difieient IxKiios revohe round the same axis in 
equal times, as the ditToiont parts of a wilt'd or of the earth, 
liiCfr etnlrifugal forcts uk t^idcntly pro]H>iljoiin) to their dis- 
i.incis fioin that axis llciui, in leteding from the equator, 

* Ah there is a limit to the cohenion anil rif^tty of all lolida, how- 
iHer }i ird such vaat ma«)UM as tlie pianeta could not (if at reat) devutc 
hi \ond a rtrtnin esUnt from the apbencal fiswjsr, for their piomineni 
parts could not support their own weight, but would bink and spread, 
as the Pyramids would do if lumposcd of jelly, or tht Andes If uim- 
posed of fnestonc, and tbi« limit to thi bright of mount him ifouhl be 
Im in a latjfer plamt, so that {lerhaps no subatanre m a mass aa large 
the Sun could hthare diflVrtutly from a fluid So uImu with archrt 
as Chester bridge could nut hive iiern built of jdly, so tiiere would 
be a hmtt to the span even of au arch of steels M hat, then, must be 
the adamantine texture of an arch enarclmg a worlds and not fAlf,* 
but the tbouaaadfold greater world of Saturn I We may coududa tbit 
thH wondrous stractore could not subsist by coheavm alone, unassisted 
by lU centrifugal force 

For a practical Tiew of the subjert of cobetum, and tablet of its 
amount in different sobds, tee RudunenU of CitU Enginemng,'* 
Port 1. chap in. 
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oiir oeDtrifiigtl force dimiDuhefl^ becaose we approach nearer 
the earth's aus. But besides being diminished, it ceases to 
be directly opposed to gravity, because the latter acts toward$ 
the earth's centre, while the foriper acts /rom, and at right 
angles with, her axis. Thus, in London, it acts not directly 
upward, but upward and iouthicard^ at an angle of from 
the vertical. (By the vertical we here mean the earth’s 
radius, and by up and down, to and from her centre.) TJ*e 
whole effect of centrifugal foroe in this latitude during a 
second would be about 0.415 of an inch, via. 0.259 upward, 
and 0.325 southward. Com|Hmmling this, then, with the effect 
of gravity, which is 103.403 * ichcs^ downward, we find that 
their combined effect, or that of wiighi^ will be only 193.145 
inches downward, and 0.825 of an ineh southward. A body, 
then, does not fall, nor a plumb-line hang, truly vertical, or 
towards the earth's centre, but deviates towards the south 
by about of Its length. Hence, a surfitce which w*e call 
level or horisontal, as that of a liquid, is not equidistant at 
all its points from the earth’s centre, but may be said to 
have a rise toward the south of I in 594 (as compared with 
a 9pk%rical surface ooncoutric with the earth). By extending 
the same argument to eveiy part of the earth's surface, it 
will appear, that if it were covered with a fluid, the surface of 
that fluid would be a spheroid 26 miles thicker across the 
equator than from fmle to pole ; so that if the earth were 
a solid sphere, water might be poured on till it stood 13 miles 
high at the equator, still leaving the poles dry. But as some 
land is exposed, and some covered, in every latitude, we thus 
see that the earth has been designedly fonued with a shape 
nearer this sphere^ tlian the sphere, and with a view to her 

* This number is obtained thus eiaetlj bj means of peodnlum obser- 
vations \ for wo have seen that as tbo time of one vibration : the Hmf of 
Mttng half the pendulum's length :: the eiroum^renoe of a eiiele, 
f Ml (ttameCer (129). Whence it follows, that the height fallen in one 
ssssad Is 3«1416 X 3.1416 K half the length of a seconds pendulum at 
the same place. 
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^ rotRtion with this partieiii«r vslooity.* The same applies io 
the other planets, the rapid retatieo of Jupiter, for iustanee, 
explaining his great deviation horn the spherical figure. 

158. Wo need not mult|plj tnsCances of the more familinr 
cfiects of centrifugal * force,— the destruotive violence with 
which grinding«Btotiea have flown in piem when too rapidly 
turned, or the useful application of tlie same foroe to regulate 
tiiF supply of steam to an engine by the tvnical pendulum^ or 
gotcrn<}r. Some beautiful illustmtions, however, are afibixled 
by the fedts of horsemanship in the ring of an amphitheatre. It 
may not be generally known that the circular form is absolutely 
necessary to the sucoohs of these performances. It would pro- 
bably be impossiUe fur the horseman even to stand on bis saddle 
while the horse is moving in a straight line, still less to perform 
the elegant and surprising evolutions which we so much admire, 
because it would be iii]}N»ssibie for the rider so to alter the 
position of his body with each motion of the horse us to keep 
the centre of gravity of his body constantly within the narrow 
base of his feet. ^ But if,*' as Profisbor Moseley remarks, 

instead of riding in a straight line, ho rides in a currs, a 
DOW force is lent to him to Biip|>ort bis weight— acting, too, as 
if it acted at the same point where his weight may bo supfiosed 
to act, >iz. his centre of gravity; this now foroe is his oeutn- 

* Tbtti we see, that on approaching the equator, not onlj matt Uie 

centrifugal force increase, because we are farther from the asu, but also 
the force of graeitf must sbgbtly diminish, beesuse we are a little farther 
from the centre. For both reasons, therefore, W9igki must iftmlidih; 
and this will be detected by opposing a weight to eome constant force 
(ae the claiticity of a spring), or more ezscUy by the fihrsttotut of the 
pendulnm. The first obaenrations for this porpoac were made by Rirlitrr 
in 1672, at Cayenne, where be found the seoondf peudulum to be about 
^ inch shorter Uian at Pans. The London seconds pendulum has hemt 
made the standard of our measurea, as already noticed (tiote, p. 3). The 
pendulum obseivations, meosarenieiita of degrees (** Introdartton to 
Natural Phik^ophy,” sec. 22], and hmar pertnrbaCioiis, though peHheUy 
uidependent, all conmr in maJung the diRerenoe of Che earth's graslcst sad 
least diameters « about of dther. 
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fttgal force. His centre of gnivity has now no longer nny 
occasion to be brought over ihe base of his feet, another 
horisontai force joins in supporting it, and poisoil between the 
horizontal force and the reslstaope of his feet, its equili- 
brium is easily found. I'o the action of the centrifugal force, 
which would otherwise overthrow him outwards^ the horse- 
man slightly opposes the weight of his body by leaning 
inwards ; and docs be find his inclination too great, he 
on his horse, and his centrifugal force, thus increased, raises 
him up again. By thus varying his velocity and the inclina- 
tion of his body, the condition* of his equilibrium are placed 
completely under his control, and he can |»crform a thousand 
evolutions that moving in a straight line he could not ; he can 
leap upon his horse, stand upon his head or his hands whilst 
ho is performing his gyrations, or jump from his horse upon 
the ground, and, running to accompany its motion, vault 
again upon his saddle. The conditions of his stability, and 
oven ihe force of his gravity, a])pear to ho mastered. There 
is ill im given to him a third invisible power, by the act of 
bis revolution, which is a certain inodification of the force of 
bis onward motion ; this acts with him in all the evolutions 
he makes, and is the secret of all his feats.'' 


Part III.— HYDROSTATICS, 


Tiir^coiuhtions of c(jnilil>rjuin in hqni<K tlio j>re8- 
FUToa exerted by ttum, are coiibiderotl in llic science of 
tlio thud of the ff»ur great divisions which foini 
the subject of general Mechanics. 

1 50. The piopcrtiCB of liquids arc alwraya modifiod by the 
.iction of (wo forces, m 7. that (»f weiirht, or the attraction of 
'Mavitation, to which they, in common with inaU|| of all 
liinds, are subject, and, secondly, moJecului attract!^ wdiieh 
M ut'i act differently in liquids and eoiidn, although wc have 
1 t oicmis of determining in what this diflertneo conBistH. 

» ill readily form an idea of the dii'tinct action of each of 
S* ( forces, for we can imagine a mass of water ceasing to 
heavy without ce.u»iiig to bo liquid ; such a mass would 
tbcT fall nor flow when turned out of the vessel containing 
* and indeed it would not require for its equilibrmiif to lie 
'(allied by the ground, or even by a v( •'<1; and yet smli 
Ik miss of weightless fluid would display a iiunilM r of ro^ 
markablo properties, the most niqiorUnt of which woulii be 
e«juahty of pressure in all direc lions f (hat is to say, the 
liquid would tran'miit equally, and in nil directioUN any piw£ 
wir*' exerted on its surface. For ixuiiiple, let aheds/^ 
Fig, 73j bea v'eio'el containing a liquid Mipj o^^ed to bo without 
weight, and p a solid piston, w hicb exactly covers its surface. 
If tlie piston is also without weight, it is clear that the liquid* 
experiences no pressure, and that if a hole were made in the 

H 3 
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Teasel no portion of the liquid would flow out Now, anp* 
poae that the piston be loaded with any given weight, aaj 
100 pounds, it will of course tend to sink down into the 
liquid, aod it would do so unless^ the liquid itself opposed 
such a tendency. Whether the liquid be oompresaible or not, 
the result is the same, for the liquid must either become 
annihilated, or it must bear up the weight of 100 lbs. If wo 
divide the liquid into any nunibor of layers, the uppenuMsk 
layer, which is in coutaot with tlic pibtoii, and sustains it, 
also sustains the whole of the weight, and w'ould of course 
descend unless supported by the layer immediately beneath, 
which receives from the oue * ve it as much prebsure as 
that oue receives from the piston. So also the second layer 

presses upon tlic thiid, and in 
this way wo may go on until 
wo arrive at the bottom of tbo 
vessel, which we shall find has 
to sustain the pressure of the 
100 lbs. exactly as if the weight 
and piston w^eit) plai*ed there 
insU^ad of being transmitted by 
the liquid. Now, as this pres- 
sure of 100 Ibb. is borne by the 
wdiolo of the base of the vessel, 
it is evident that onc-lialf of the base sustains only 50 lbs., 
and that one-hundredth part of the base sustains only 1 lb. 
We see, then, from this illustration, Ist, That the pressure is 
transmitted by horiaoutal surfaces from the top to the bottom 
of tbo vessel without auy loss of effect ; 2nd, That the pres- 
t sure is equal at each point ; Srd, That it is proportional to 
' *Lhe extent of the surface under comnderation. 

160. So far we find no difference between a liquid and a 
solid ; but the peculiar charaeteriatic of liquids is, that the same 
effects are pix)daoed on the sides of the vessel as on the base. 
^ If a lateral opening be made in any direction, as at a A, the 
liquid will out; and if the opening thus made be of the 
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■uae inxe as the piston p, It will require a force equal to 
100 lbs. to prevent tbe water from spirting out ; if this side 
opening be onlj one-hundredth of the area of the piston, tho 
water majf be kept back ith the force of 1 lb. If a hole be 
made in the piston, the liquid will ^irt upwards, proving 
that the piston also sustains a pressure similar to that ou tho 
base and sides of the vessel. Indeed, this necessarily arises 
jbom the principle of action and reaction. It will lie seen 
that liquids transmit equally, and in all dtreotions, the pres- 
sures exerted on any part of them, so that every surface 
which thSy touch receives (and most rectum) a prt^ssiire pro* 
portioned to its area. Thus, if the area of the piston p be, as 
we have supposed, 100 times that of the piston p, it will 
require a pressure of 100 lbs. on p to balance 1 ib. on p. Thus 
wc have another simple machine, like those commonly called 
mechanical powers, and described in Statics (IV.). And this 
hydrostatic power, no less tlian the otbei’s, depends on tho 
principle of virtual volocitios ; for it is evident that if the 
piston p bo pushed in through any given distance, tilb piston 
r, which is 100 times larger, will bo thrust out only of 
that distance, so that m liatever may l>o the gain of fiower, it 
16 procurod by an equivalent loss of motion. Used as a press 
(Bramah's press), this machine has some great advantages 
over the wedge or the screw, os its mechanical cflif'acy can 
evidently be increased to almost any extent without any pro- 
portionate increase of friction or complication of parti, 

161. Now it must be evideot that this property be in 
D<p way altered by conferring weight on the liquids under con- 
sideration, except that additional forces arising from the 
mutual weight and pressure of the partjples have to be taken 
into aooonnt. Whence it follows, that in order for a liquid 
be in eqnilibrinm, first every point of its surface must be 
peqmdieolar or normal to the force which acts iifion it ; 
sad, secondly, each individual particle of tho liquid must 
sxperieDCa equal pressures in all directions. ^ 

165. With respect to the first condition of equilibrium, let 
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U8 sappose that the fcurfaco is not peq^^ndicular to the force 
which acts upon the liquid particles; that this surface follows 
the direction acde^ Fig 74, while the force 
acU ill the direction of the vertical linos v v. 

t 

In such case a horiroiital layer h d roust 
bo jpressod by the right of all the partic h o 
above it; and this jjrcssure beiug, as we 
have seen, tranhiuitted laterally, the niohig 
cule for example, would be thiust out by 
this lateral pressure, sinco there h no couii- 
tcrlialancing pressure on tlio opposite side ; it is Ihrii^f aside, 
and another particle occupies its place, *whi<h, in its tiiiii, 
is also thrust aside, until at 1 ngth the particles fornimg thr 
curve ac d have fallen into the dcpicssum d e, and the whuh 
surface has become honzontil The h.iiiie procc<as would take 
plaoe with any other portion of the liquid ahoio the liuii- 
zoiital surface, and there can be no equilibrium until there ate 
no more particles to descend ; when such is the (aso, they are 
all ranged in a plane iiomial to the fon e * 

* From this law arises not only the {^enernlly level or horizontal sur- 
fare of liquids at rest, but also all the deviutions from surb u level 
Thus the surfuc of water commonly rues with a concave slope when 
it meets the side of the vessel, beciuhe the pnitulcs virv near the solid aie 
attracted by tt os wi 11 ns by the enrth , und the resultant of the two 
attraGtioiiB is then fore not vrertual, but niureb»And more inclined in 
approaching the solid wall , and the liquid Burfaie is everv where at right 
angles with this resultant If, however, the solid be le$» than ha\f as 
dense as the liquid, the extreme particles will be more at ti acted by the 
liquid on one aide than by the aolid on the other, so that the resulUnt 
will incline the contrary way, and the aurfac'C will be dfpreaaed instead 
of being rawed, and coneear instead of concare, as happens with mercury 
resting against glass, or A%iter against a dry cork ; but if the cork be pre- 
VOttsly wetted, the liquid film adhering to it will have the same effect 
as a denser solid. Many other curious effects of this kind are daased 
under the term eapi//an#y (See ** Introduction to Natural Philosophy, 

sec 39 ) Widely contrasted in scale, but similar id principle to these, are 
the effects mentioned in our last section. The general surface of the 
%oain, acted on at onoe hy two forces (gravity towards the earth's 
oentre, and oentnfogal force from her axis), moat, at every pomt, be 


Fig. 74. 

# / r 
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163. From the principle of eqnal pressures, ns well as from 
the first condition of equilibrium in liquids, many important 
consequencea are obtained. For example, the pressure of 
^ratcr and other liquids upon a given surface, is in proimr- 
tion jointly to the magnitodo of that suifaeo aud to tlio 
mean height of the liquid above that surface.* This trutli 
is readily understood in tbo case of a c^lindiical vessel, 
such as No. 1, in 

Wg. 7‘‘i, but it is ^*8* 75. 

not bo * s idont in 
the \e‘'SoU No. 2 
and No. S. All 
three (on- 

taiii xiy unequal 
quantitos ot wa- 
ter ; tln‘V difl'< r in 
every re^jM ct ev- 
eept being of o^jual height and base; and in ea li citfe the 
same arnouiii of pressure is exerted on the baMO writhout 
any legard to the bulk of the water. Hence wo may obtiiiiato 
tlio jircbfrure of a fluid upon the lM‘»e of the containing \tss«| 
by iiiulliplying its height into the area of the bane, and thn 
product by the deiuity of the fluid. In the N<». 2 it 

will Ic wn that the bottom bears only the column of fluid 
denoted by tbc dotted lines, and which is exactly eifiial to 
tbo whole fluid in No. 1. But bowetcr paradoxical it may 

peq)en(1ical'ir to tliclt resultant (i e to the directioD of the plumb-line) » 
and hence becomes a spheroid, flattiued towards the poles. So olho 
in the sides of a wbirlpool the liquid surface is aloptrig, hf cause the 
resultant of gnoity and ceotntUKal force is slop^f^, as would be shown 
by a plunib-hne in a vessel earned round the whirl Tlie iDOori’<> aUraC|^ 
tion, too, coinhines with that of the earth to produce a mmltenf which 
is not always vertical ; and thus the mobile surface of the ocean, con- 
stantly seeking an equilibrium which it cannot find on account of the 
moon’s inotiun, is alternately raised and depreesed, and prodncee the 
periodical oscillations of the tides. 

* That is, Its bright abo?e the eentn t(f framip of the surface. 
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appear, it is no less true, that the base of No. 3 bean a pres- 
sure exactly equal to this same weight of fluid, although the 
whole vessel does not oontain so much. 

164. Sumo curious results ma;^ bo obtained by the opera- 
Fig. 76. vessel a, Fig. 76, full 

of water,* havo a slender tube B screwed into it ; 
on filling the tube with water to a certain height, 
the vessel will immediately burst ; and the height 
of the fluid necessary to efiect this result will bo 
exactly the same, however large or however small 
the tube may be ; so that the weight of a single* 
ounce of water, if piled high enough, may burst 
the Btiuugest vossei Suppose the bore of*thc tube 
to be onc-twcntictli of an inch, then whatever pres- 
sure is transmitted through it, an equal pre'^suro 
will Iks boino by c^ery sjfiace oiie-twentieth of an 
inch in diameter throughout the interior of a. 
Now a square inch contains about 530 such spaces : 
so that an ounce of water poured into such a tube 
would exert a pressure of 530 ounces, or 33 pounds, 
on every square inch of a ; a force which few 
vesselti^ except steam-boilers, are made capable of 
resisting. 

165. Thus the whole interior surface of a vessel 
is subject to an enormous pressure in consequence 
of the manner in which liquid pressure is trans- 
mitted. And not only the interior surface, but 
the liquid particles also in every part of the 
vessel, are subject to corresponding pressures. 
In the jjDterior of the liquid mass contained in 
the vessel shown in Fig. 77, let us imagine a 
layer 1 1 parallel to the surface s s. All the particles of this 
layer are evidently pressed by the mass of liquid above 
theifl ^ they are, as it were, under the pressure of a liquid 
cylinder ss fZ. But it is important to observe that ibis 
presnire from above, downwards, is^ by the principle of 
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^ action and reaotion, exaedy equal to that 
from below, upwards; and the separate 
moloeules of this layor I i Are held iu 
oqniHhrium by these equal and opposite 
pressures. Now, in limiting our attention 
to a portion only of this layer, a it a ill 
be seen that the surface a b is at once 
Itrassed from above, downwards, by the 
liquid column e d b and from below, 
upwardd, by a precise!}' equal force ; so that if a solid were 
^plunged into the water whoso base exactly occupied a b^ 
tliis preb:>ure would act upon the solid from below, upwards, 
tending lo drive it out of the liquid. 

166. This will be clear from the following experiment:— 
A tolerably large glass tube t, Fig. 78, ground flat at it«« tower 
extremity, is closed by means of a glass plate or valve p e, 
from the centre of w hirh proceeds a string 
up to the top of the tube. If the surfiices 
be tolerably smooth, the valve will close the 
tube water-tight on pulling the string. On 
lowering tl tube tlnis closed into the ves- 
sel of water a b c d, the thread can be let 
go, because tlic val> o w ill bo ujifaeld by the 
upward jirossure of the water; and that 
this pressure is equal to that which it 
would sustain at that depth from a column 
of water acting from the surface, down- 
wards, IS proved by pouring water into the tube. As soon 
as the interior level afiproaches the exterior a a, the glam 
valve is pressed from above as much as was liefore pressed 
from below, and it thou foils to the bottom of the veasej^ 
by its own weight* 

* Or rather by the diUhrence between its weight tad that of sfi equal 
bulk of water, for it cannot drsoetui without raunng such a quantity of 
water, just as ths heavy arm of a bslanoe cannot dcsosad without raising 
the lighter arm. 
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167, I'lie pressure, tbeii, iifion a given surface, is the same, ^ 
wlietiicr it face upwards or downwards; aud may also be 
proved to bo the same in whatover direction it be turned, 
provided its centre of gravity rei^ain at the same depth below 
the liquid surface; for this pressure is, equal to tbe weight 
of a column of liquid whose base is the given sutfacc, and 
whose length equals the depth of its centre of gmvity. 

ICS. In water, the pressure on any surface at the doptk-of 
] foot equal to nearly half a pound on the square inch. At 
2 feet deep it is about 1 lb. At 3 feet = 1 J lb. At 4 feet 
2 lbs. At 5 fict =: 2^ lbs. In a cubical vessel full of a liquhl, 
the pressure on any one si ^ U equal onc-half the^ jiressuro 
oil the babc ; for the bottom sustains a pressure etjual to the 
M’liolo weight of the ilutd, and the pressure sustained hy each 
side is equal to the weight of a mass as long and bioad qh 
that Ruifacc, und as deep as its centre, aud, consequently, 
equal to half the contents of the vessel. Hence we get tho 
reiiiarkablo result that, in a cubical vessel, a liquid piodnces 
a total amount of pressure 3 times os great as its own weight ; 
for if this equal 1, aud the pressure uj>on each of tho 4 be 
equal to hall that u]H)n the base, 4x^ = 2, aud 2 -f 1 == 'b 

ICt). Ill any surface which sustains the pleasure of a mass 
of fluid, thoio is a p(dut called tho cefifre of prejtstirc^ at which 
tlie whole pressure of the mass may be ctmccivcd to act, aud 
to w Inch, if i, single sufficient force w'cre apjdied, the mass of 
fluid would be supported, and tbe surface kept at rest In 
any vertical surface extending to tho t^ip of tho fluid, this 
point is at one-third the depth of tho fluid from the bottom, 
and at the middle of the breadth of the surfac^e. Tho deter- 
mination of this point is of tbe highest importance in all 
works made to resist fluid pressure. 

170. Wheii a number of vessels communicate wdth each 
other, whatever be tbeir form or size, tbe same conditiona of 
oqailibrium apply to tbe fluid contained in them as to a single 
vessel. In tim first place, tbe surfaces of the fluid in the 
vessels are all htel; and, secondly, they arc all at tAe tame 
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proTided the same fluid be used, 
krge vessel a with water» or 
moroujy, or anj other fluid, it 
will exert a pressure on the 
side tube, near the bottom, e^ual 
to the area of the tube x by the 
height, X by the (tensity of the ^ 
fluid ; and on opening the Bto|>- 
co^ c, this pressure will caus-e 
the fluid to ascend into tho small 
irvessel Ji until it attains tho same 


Thus, on fllliiig the 
Kg. 79, 



level as in a, when oquilibrittin 

will bo established, because the water in a, as well as the 
water in n, presses upon the same spneo at r, and both are 
of the same height. 

171. After what has l)eeii said, it is Kcarcely possible for tho 
reader to ask a not uncommon quostion : “ If water ])reHsefl 
equally in all directions, why does not tho largo mass in a 
eauhC the small mass in ii to overflow?" 

A man who was seeking a solution of tho 
absunl meelianical problem of perjietual 
motion, once asked liirii««elf this very (pies- 
tioii, and eonstrueted a vessel of the form 
shown in Fig. 80, supposing tluit tho 
large roo-ss of water in the vessel would 
force the water along the narrow tube and 
raise it to its extremity, where it would 
flow back into the larger division perpetu- 
ally. lie was, however, greatly surprised to see the fluid in 
both divisions settle at the same levek 

172. If fluids of difierent densities, sucli as water and mer-* 
onxy, he made to communicate, the height to wliioh they wiff 
rise in the limbs of a vessel such as a B, Fig. 81, will be re- 
spectively in tbe inverse ratio of their densities. If the bend 
be first filled with mercuiy, and water be then poured into a, 
a column of that fluid, 13.6 inches high, will be ueeemry 
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Fig. 81. to balance 1 inch of mercury in b, mercury being ^ 
times denser than water. It matters not 
how unequal in bore may be the two branches 
of the tube: if the experiment be repeated in 
buch an apparatus as Fig. 79, the result will be 
the same, whether the mercury be in a or in b ; 
the Mhole height of water will always be 13.6 
times that of the higher mercurial level above ^l)p 
lower. This affords an easy illustration of the 
principle of the barometery for which see “ Rudi- 
mentary Pneumatics.** 

173. The detiit or specific cavities of dif- 
ferent bodies an usually compared with water 
us a standard on what is sometimes called the principle of 
Archimedesy namely, that when a solid is immersed in a flnid, 
it di«>piaces a quantity of the fluid exactly equal to its own 
bulk. If the quantity of fluid thus displaced be lighter 
than the solid, the solid will sink in the fluid ; if it be of the 
same weight, it will rest indifferently in any part of the fluid ; 
if heavier, it will float in such a manner as to displaco only 
as much fluid as may equal its own wighu But confining 
our attention to the first case (of a body that sinks), the body 
thus immersed in the fluid apparently loses a portion of its 
weight exactly equal to that of the fluid displaced, as the 
following experiment will prove. A solid cylinder of copper 
a. Fig. 82, exactly fitting into a hollow cylinder c of the 
same material, are both suspended from on arm of a baJanoe, 
and brought into equilibrium by weights in the opposite 
scale-pan p. The sedid cylinder is allowed to dip into an 
empty glass. On filling up this glass with water, so as com- 
jpletely to immerse the solid cylinder, the scale-pan p will 
"aiDk down in consequence of tl^ apparent loss of weight in 
the cylinder & Now, on filling up the hollow cylinder c 
with water, the balance is restored. The fluid sapport which 
is given to a is represented by the weight of the water in c 
required to restore the equilibrium of the balance ; and as a 



THE RTEROSTATIC BALANCE. 


163 


exactly fita into o, the balk ir^g. ga, 

of water poured into o moat 
be exactly equal to that 
diaplnced by a. And this 
would be true, whatever 
might be the material of a, 
whether gold or cork. If it 
cork, it would a|>pear 
to lose more than its wliolo 
weight, or to acquire, when 
immersed, a levity or up- 
ward tondeni^, which, how- 
ever, UT Btill found to be 
neutralized, and its exact 
weight restored, by filling 
c. It ia scarcely necessary 
to observe, that all apparent 
instances of a tendency the reverse of gravity, as in smoke, 
balloons, &c. are only eflects of this kind do}>eiidiiig on the 
pressure of the surrounding fluid, which roust be denser tlian 
the rising body. 

174. In ascertaining the specific gravity or density of a 
solid denser than water, it is first weighed in air and then in 
water. By subtracting the weight of the substance in water 
from its weight in air, and dividing the latter by the differ^ 
ence, the product will be the specific gravity required. For 
example, a piece of gold weighs in air 77 grains, and in water 
73 grains; then 77—73 ss 4; and */ =s 1»J. The proper* 
tion, tliereftire, of the weights of equal bulks of the metal and 
the water, is 77 to 4, or 194 ^ ^ ^ times 

heavier than its own bulk of water; and this number % 
called the specific gravity or density of gold. It is obviously 
unimportant bow mnch or bow little be taken,— the spcSnfio 
gravity will be tlie same. It is equally unimportaot whether 
the standard of oomparison be taken as 1 or 1000. It is 
usual, however, to write the value of (he standard dedmaUji 




164 


FLUATlKa BODIES. 


tliu8-*1.000. When, therefore, we say that the specific < 
gravity of gold is or 19.25, we mean that a quantity 
of water weighing 1 is exactly equal in bulk to a mass 
of gold Hoigliing 19]. The specific gravity of cork is only 
0.24; that is, tlio tiiatts of water which any given bulk of 
cork displaces on bbing plunged into it, is rather more than 
4 times heavier than the cork. The specific gravities of 
liquids ate taken by means of a In^ttlo capable of holey nj; 
exactly 1,000 gMins of water at a given temperature (such as 
fiO** Falir.). On filling this bottle with proof spirit, it will ho 
found to contain only 837 grains ; so that .837 is the s|)ecific 
gravity of [>roof spirit. If bottle be filled with sulphuric 
acid of commerce, it will wc about 1845 grains; and hence 
1.845 is said to ho the specilic gravity of this acid. In taking 
tlvo hpcHilic gravities of gases and %apours, atmospheric air is 
the standard. 

175. When a body fioaU on a fluid, it displaoos a quantity 
equal in vtchjhi to it<*clf; when itnnXrr, it displaces a quantity 
equal in hulk* Hence the conditions of equilibrium in float- 
ing bodies arc two: — 1st. That the portion immersed : the 
whole bulk : : the density of the solid ; that of the fluid. 
2nd. That the centre of gravity of the solid, and that of tim 
fluiil disploccil, are in the same vertical line. The equili- 
brium, however, may be stable or unstable ; and if stable, the 
body will, on being disturbed, return to its former position 
by a nuinlwr of oscillations which are isochronous, like those 
of the pendulum ; and their times depend on the position of a 
point callod the metac^ntrey which has the properties of the 
point of stt^sitstoit in pendulums. When the mctacentre 
is hmor than the centre of gravity of the whole body, the 
^uilibrium is umtahU • otherwise it is stable. 
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170. The prinoiplea which regulate the motions of fluids are 
considered an the fourth di^sion of Mechanics called Hydro* 
dynam%e$^ or Ifydraulics, Tliis subject n ono «»f groat com- 
plexity, on account of the facility with which a fluid nuiss is 
set in motion by the disturbance of a few only of its partic'los ; 
an<} the rosulting motions are uiodiried, cither in tlioir > olocity 
or in their direction, by so many causes, that it in diftlcult to 
anticipate or explain the various plienomena which arise. 
There aro, however, in this science certain fundamental laws 
which go far to generalise the phenomena. 

177. The sides of a vessel containing a fluid are subject to 
two opposite forces— -one arising fn»m the hydrostatic presMiiro 
of the fluid, 'tending to burst the vessel outwards; the other, the 
atmospheric pressure, or that of any other medium fiurround- 
ing the vessel, tending to burst the vessel inwards. If nii 
o]»oiiing bo made in the side or base of the vessel, the liquid 
will flow out, provided the interior pressure bo greater than 
the exterior* In the common trick of covering a glass quite 
full of water with a piece of paper, and inverting the glass 
witliout spilling the water, the atmospheric pressure is 
greater than that of the water, and would continue to be so 
if the glass were 32 feet in depth. If the mouth of the 
glass be small, as in a narrow-necked phial, no pajier need 
he used, for, on inverting it, the premre of the air ^on the 
mobile bat narrow sniface of the fluid will prevent it from 
flowing out without dividing, which its cohesion prevents it 
from doing. If tlie neck be eularged, the air, being so much 
lighter than the water, will force a passage up through it, 
and break up the liquid column. But if an opening b^ 
made in the top of the vessel, the liquid will flow smoothly) 
as if no air were present ; for the atmospheric pressure^ to- 
gether with that of the fluid wiMn, is opposed to the atmo* 
spheric prcMore alone ftUkout; and the molioii is produced 
the diflarence of these pressures, vis. that of the liquid alone. 
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178. Ill the examples which we are about to consider of 
liquids escaping from an orifice, the flow will result from 
excess of pressure, and not from the breaking up of the 
liquid colnium But, in order that results may be comparable, 
it is necessary that the surface of* the liquid in the containing 
vessel be maiutained at the same height by some contrivance 
which sliall add to the vessel the same amount of liquid as 
flows from it. In such case, neglecting all mechanical ob- 
stacles arising from friction and other cansea, the flow of 
liquids from orifices in vessels obeys the force of gravitation, 
and their motion bocuroes accelerated, according to the law 
already noticed for fulling b* Ues (114). The expression of 
this law, known as TorriceLiB theorem^ is. That particles of 
fluid, on escaping from on orifice, possess the same velocity 
as if they had fallen freely tn loacuo from a height equal to 
that of the fluid surface above the centre of the orifice. 

179. Now, as wo have already seen (112), that all bodies 
falling from tbe same height in vacuo^ acquire the same 
velocity ; the flow of liquids from an orifice does not depend 
upon their densities, but only on the depth of the orifice 
below tbe level of the fluid. Mercury and water, for exam- 
ple, flow with the same velocity when they escape by similar 
orifices at tho same depth below their levels ; for although the 
pressure of the mercury is 13| times greater than that of tbe 
water, it has 13} times as much matter to move. 

180. We have seen (115) that tbe velocities acquired by 
falling bodies are as the square roots of the heights ; that in 
order to prodoce a twofold velocity, a fourfold height is neces- 
saiy, &c. ; so also in tho escape of liquids from an orifice, the 
velocities are as the square roots of tbe depths of the onfices 
below the sorflioe of the fluid ; so that, if we wish to double 
the vdocity of discharge from tbe same orifice, a fourfold 
depth is required ; to obtain a threefold velocity, a ninefold 

neoessaiy, and so on.* 

* Bsmw, in an equal time, IMet aa much natter baa to be mofed 
with lAviee u mnA vaioc%. 
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181. ‘When a venae) with verUeal aidea is allowed to empty 
itaelf by an orifice in the bottom^ the quantities flowing out in 
successive equal intervals aro as a diininishing series of odd 
numbers (os 9, 7) 5, 3, 1), qp aa the spaces described m equal 
intervals by a falling body, takm haehtardi. 

182. In such cases there forms, after a certain time, a hollow ' 
depression on the surface immediately u\er tho orifioo; this 
Vpcfeabcs until it becomes a cone or funnel, the centre or 
loweat point of which is in the orifice, and tlio liquhl flows in 
lines directed towards this centre.* Of cour*<e, the isauing 
atieam or vein is vertical if the oiiflce is at the bottom of tho 
vessel, or it describes a paraliolic curve if tho orifice is at the 
side. In either case it moulds itself, as it were, to the form 
of the orifice, and extends to a considerable distanoc before it 
scatters and divides into drops. Iletwoen tho mouth of the 
orifice and the point where it begins to divide, tho liquid vein 
has a permanent form, and a polished mrface ; and notwith- 
atanuing the rapid motion of the liquid particles which succeed 
each other incessantly, the jet hae the appearance of a per- 
fectly iiiotionless rod of glass. At the oommencoment of its 
course, tbe vein is of tho same diameter as the onfioe, but for 
a short distance its diameter grows less, forming what is 
cttllod the vena eontraeta^ or contracted vein of fluid (Fig. 63). 
The reason for this contnMStion appears to bo, that as the 
liquid particles approach the orifice, they converge to a point 
beyond it, so that tbe liquid column in escaping must neces- 
sarily be narrower or more contracted at the point t«»wards 
which the motion of the liquid converges, than it is either 
before it arrives at that point, or after it has passed it. The 
greatest contraction of this fluid vein is a^a distance from the 
orifice equal to half its diameter; the djameter of the con^ 

* In thii ftato of die liquid a rotsrj modon is hnperted to it, led 
npidly mereesM, beceuse all the paittelce are epprCMhlns the oeatn i 
and hr virtue of their inertia dier tend to maintain the aeme vdocitr 
whieb they had in a larger drde, so that thmr aagalic vdselqr (or the 
nemher of levolndow in a given daw) is coostandj iaeiesiid* 
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tnbctcd portion being to that of the orifice as 5 : 7< Hence ' 
the real diacliarge of fluid is only •{f, or 
about half of the theoretic discharge, or 
that which would take place if the whole 
orifice transmitted fluid with the velocity of 
a1>ody that had fallen from the surface.* 

183. The division of the vein at a certain 
disUnco from the orifice is not produced 
only by the ]>re8cnce of the air, it takes 
])laee tn wtruo, and is the result of the 
acceleration due to giavity. The effect of 
this acooh ^tion is best scon in a stream of 
tieaclc, winch t«i[»er8 downwards^ because 
the flow (or quantity pa‘«*‘nig in a given time) must be equal 
at all points of the stream, so that wherever the velocity is 
gi eater than at another point, the size (or sectional area) of 
the stream must bo diminished in the same proportion. In 
water, however, the cohesion is not of such a kind as to 
admit of this tapering; but oacb portion, when it has ac- 
quired a certain velocity, tears itself a%vay from the stream, 
forming a drop, and leaving the stream, which has been 
forcibly elongated, to contract again, tiU another drop is 
detached. Thus each drop is subject during its fall to cer- 
tain periodic Aihratious, by which it alternately elongates 
and contracts. A series of pulsations, also, occurs at the 
orifice, the number of which is in the direct ratio of the 
rapidity of the current, and in the inverse ratio of the dia- 
meter of the orifice ; they are often sufficiently rapid to 
produce a distinct musical sound. If a note in unison with 
this be played on a musical instrument at such a distance os 

• V It ii evident that only those particles which are vertically above the 
centre of the orifice can descend through it in a straight line. All others 
Odpll^g from the aides of the vessel must move m hoes more or less m- 
SHfied. Hence the particles on the outside of the efilueut stream are 
retarded, and move more slowly than those in ite centre. Hence also 
arises the difierenee between the meeii veUtetiy of the escape and the 
velocity due to gravity /180}. 


Fig. 83. 
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to be scarcely audible, the adriaJ pulses thus produced hare a 
marked effect on the vein in shortening the limpid part. 

184. When a tube is added to the orifice, the flow Is ac-i 
celerated if air be present, hr the reason explained in Rudi* 
nicntary Pneumatics;*' but, in taeuo^ no such aoceleratiuu 
takes place. The most remarkable and useful result, however, 
of the experiments on the flow of water through pipes^ is the 
^lAsoveiy that it may be aocolorated by merely giving par« 
ticular forms to the commencement and termination of the 
pifie, without altering its general capacity. A 4*-inoh pipe 
(of any length) may be made to deliver considerably more 
water, if its first 3 inches and last yard be enlarged conically, 
than if they were cylindrical like the rest of tho pipe. 

185. One of the most intricate subjects to which the laws 
of motion have yet been applied deduotivoly, is that of liquid 
wave*. When any portion of a liquid surfuco is raised above 
or depressed below the rest, wo have already seen (1C2) that 
it will return to the general level, hut in so doing it acquires 
a velocity which necessarily carriee it beyond tho posiUon of 
equilibrium, and thus pro<]uces a series of osoillatioiis, which 
are communicated in eveiy direction over the liquid surface, 
each portion receiving ]t*> motion from that proooding it, and 
therefore arriving at each phase of its oscillation a little later 
than the preceding portion ; whence arises tho appearance of 
a form travelling along the surface^ which form wo call a 
tcaee. Each wave contains, at any one moment, particles in 
all possible stages of their oscillation, some rising, soiiie falling, 
some at the top of their range, some at the bottom ; and the 
distance from any row of particles to the next row that are 
in precisely the same stage of their oseiUatioii, is called the 
breadth of a wave. Now as these oscillations are caused by 
the force of gravity, we may expect some analogy between 
their laws and those of the pendulnm, and accordingly, when 
the depth of the liquid is disregarded, or considered as im- 
limited, the wave-breadth (like tlie pendulum*length) varies 
as the square of the time of osciilation ; so that the time wUeh 
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elapses between tbe arrival of the crests of two successive 
waves at a fixed point, is as tbe square root of \be distance 
between them, or tlie distance which either of them travels 
over in tbe said time ; hence it is easy to see that their ve- 
locity varies inversdy as the square root of their breadth. 
For instance, if a certain buoy be observed to rise and fall 
twice as often as another, the waves which pass it must be 
four times as broad as those which pass tbe other, but as tlN^y^ 
travel over this guadrupU distance in only doubh the time, 
they must evidently move with a double velocity.* When 
tbe water, however, is so shallow that the waves are afibcted 
by tbe form of tbe bottom, the sii <plicity of these resuUts gives 
place to an extreme degree of complexity. Tbe use of these 
investigations lies in their application to tbe tides^ which may 
be regarded as waves of moderate height, but enormous breadth 
and velocity, the time of oscillation being half a lunar day, 
and the velocity sometimes 1,000 miles an hour. 

1 80. To Hydrodynamics belongs, also, the theory of such 
machines for lolsing water as do not depend on atmospherio 
pressure. Such are the water-screw, invented by Archi- 
medes, the endless chain of buckets, the water-ram, the 
hydraulic belt,t &c. ; but perhaps the most ingenious of these 

* The velocity of wavei that mn in the same or the opposite direction 
with • ship, may be ascertamed by means of the log, or any other float- 
ing body, attaobed to a known length of cord. By noticing the tiipe that 
elapeea betwera the lifting of this body, and that of tbe ship's stem, by 
the lams wave, and adding or snbtracting the way made by the ehip dnnng 
that interval, we find the time wbiidi the wave takee to travel the length of 
the cord. In this way it has been foand, that in the open ocean, some 
waves travel at the rate of 80 miles an boor; Che breadth of such wavee 
is sometimes a quarter o^ a mile. The utmost difference of level is found 
by meunring how high above the ebip't water-fine an eye muel be raised 
to have an uninterrupted view of the borison. No antbentie observations 
of this land give more than 25 fort, even in the graateet storms. 

t This machine, the nse of which has been revived within a few yean, 
Is one of the most eflident of water ekvalort, yet the moat inexplicable in 
Ita eetioa. In its ancient fona It eenaiaCad of a nambor of hair-ropes, for 
trhieh a bend ef flmiiiel, or flNt, ia new enbstitnted, paesing over two 
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'is the t 0 at#r-roffi| by which a atroain of water desoeuding a 
small depth ie made alternately to open and dose a valve, at 
each ehuUing of wbieb, a portion of the water ia driven up 
another tube, to a level oeneiderably higher than that from 
which it originally deecended, and is then retained there by a 
valve. 

187* To this science also belongs the application of the 
poarer of streams and waterfalls to usefni purposes. The chief 
means of ciTocting this, are, the undinhot wheel, the o^ertkot 
wheel, the Irwt wheel, the horizi^ital water-wheel, the 
hydraulic enyins^ the Tourbinc^ and Barkcr'w mill. I'ho 
^ first two are too well known to reqiiiro a description, hut wo 
may observe, that the overshot wheel is always the roost 
advantageous where the height of the fall is sufficient to admit 
of its use. The smallest rill may be a{>pliod in this manner, 
but the undershot wheel m^uires a considerable body of water. 
The breiist wheel unites, in boiiie measure, the advantages of 
both, and is applicable to falls of a medium height, as it 
requires only a fail equal to its radius^ and not to its diaiits* 
ter, as is the cose with the overshot wheel. This wheel is 
formed with plain floats, but the water enters at the level of 
its axle, and descends round one quadrant of its oircu inference, 
which is enclosetl for this purpose in a sort of box of inasonry. 
The horizontal water-wheel is used in some parts of Franco, 
and is the most applicable to a small fall, and a small quantity 
of water. Its floats are set diagonally, and may receive tlie 
water at one or at several points of its oircumference^at oiice« 
In the hydraulic engine, the pressure of a column of water 
is applied as the motive power, by means of a piston and 
cylinder, like those of the steam-eogine.s The Tourbiiie has 
been principally used in France, in cases where the foil of 

roUen, one St tlie top, sad the other St the bottom of the vsU. Bpnietim 
of the upper roller, it is set hi verj rapid motion, when the water adhots 
to its auriMn in a iaper wbidi is Udeker the BBore rapidljr It moves, and 
^ becomes nearly half an inch thick when the velocity is 1,000 fset psr 
mbate. It foUowt the bend to any height, and is thrown elf by csati|» 
fugal Ibrae, in famiof over the upper roller. 
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n I ter is very considerable. Barber's mill acts on a different 
])rinciple fiotn any of these, and has not yet been apphe^l on 
a large scale, though experiments made on models hare 
shown it to be the least wasteful all modes of applying the 
power of a waterfall. It consists of an upright tube, from 
the lower end of which proceed two horizontal branches 
riosetl at their ends, and giving the whole the form of an 
invertetl j,. This apparatus is moveable ou a vertical a^'^is 
and water is admitted at the top through a funnel ; of course, 
this will produce no motion, because the pressures against 
all parts of the interior balance eaoh other: bnt sup(» 08 e a 
hole to be made in one side one of the horizontal anus, 
the water flows out, an«l the pressure on that surfa^ which 
the hole occupies is removed. Hence the pressure on the 
opposite side of the tube is imbalanced, and causes it to 
recode in tho direction contraiy to that of the issuing stream. 
A similar hole in the other arm doubles the effect 

1 88. In all water-wheels it is a constant rnle that the greatest 
mechanical effect will be produced when the velocity of the 
])art8 dii\en is just half that of the steam driving them; 
and this is a most important principle, applicable also to the 
sails of windmills, aud ships, and tho paddles of steamers. 
It is obv ious that the pressure of the wind or water on any 
of these bodies diminishes as their velocity approaches that of 
the current, so that if it wore possible for a water-wheel to 
revolve with exactly the velocity of the stream, there would 
lie no pressure ou its floats, and, consequently, no power to 
drive any other machinory. On tho other hand, the pressure 
teat a maximum when the wheel is standing still, but then 
having no velocity^ it is also powoiless. As the power then 
^ proportional to the product of the pressure and velocity, 
it is greatest when they haA*e each their mean value, that is, 
in the exact medium betwreen these two states , — rest and 
morion with the eurreut ^ — in other words, it is greatest when 
tite vetooHiy is hal/ibsX of the current. 
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nth pnuliiul npplu iU< (IB Hu I uhlt lur tin N th il ihc fdloi^mf^ )ikI tf 
«iamr8Mill bo u BU-tlunut };\ inniUr to tin* Puidu tint vihd ho prnpoHfs t) 
atU‘m]>t ju tbec.(UM« id Topuia in<<tiU(tiou yjU bo dono wril, and that Ujcri | 
little trintisoB ¥nll fully aniiufi thepnrpoHii for mIiuH tluy atf^ inlrnddl, 
iiaintl>| to become. coDniucnl and ai curate Oindi -llookB «n I'opulnr Inatituhon 
generally, vhilr ihoir low piui aill ploio them uilhin tin if^nih nf all (huAf 
earning thoirdail} brrdft, toman) of whomakuoulrd/i of llu olciui nU,togethf 
with the jiruttiLe, of the IS< iciu e-* u f' po‘»iti\ r ganur m thr common pursiutg of lif< , 
aawclla«tt meanaol iNinning fioin groat tavlri, and ppMutin •’ to fho mini, 
noble and worth) obji eta of hI udy i hr ecneB ulm, is r ttriidrd to tho Kirro6ntftl|| 

and Practical bcicnui of Mathcmatira, f(»r thi»e #bo drvire to advanre and 
perfect their <«tudit*^. Together \«ith an Educational Sciira. The wholf^ in|| 
demy 12mo., at followi . | 

1. CHEMISTRY, by Prof. Vo ah b, F R S , iVludln^ ^giKulfural Cho- i 

mwtry, for Uu* use of » iinu’ni lihid'fion 1^. 

2. NATURAL PHILOSOPHY, hr CharlMTomhntnn, MediUon. , h. 

3. GEOLOGY, by Col. Portlock, F R.8., 3rd edition . . 1# r. 

4. d. MINERAXOGY, with Mr. Dana*t additions, 2 fols. u 1. 2ad edition 2 m| 
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RUDIMBN’TA&T SERIKS. 


6. MECHANICS, by Ghwleii Toraliiisan. 4th edition . . 1« 

^7. ELECTRICITY, by Sir William Snow Hairii, F.R.8. 3rd edition la. W 
?♦. GALVANISM. ANIMAL AND VOLTAIC ELECTUICITT; Trcn- 
tiae on the Qoneral Principles of GaWanic Science, by the aame 1«. . 

8, 9, 10. MAGNETISM, Concise Exposition of, by the name, 3 vols. . Si. 6/f. 
11, 11*. ELBCTRIC TELEGRAPH, Hiator/ of the, byE. Highton, C. E., 

double Part 2«. 

12. PNEUMATICS, by Cl^nrlet Tomltniion. 2nd edition . . . . la. 

18, 14, 15. CIVIL ENGINEERING, by Henry Law, C.E., 3 vole.; and 

15* Supplement 4f. &f. 

16. ARCHITECTURE (Orders of), by W.H.Lecda. 2nd edition . . 1* 

17. ARCHITECTURE (Stylos of), by T Bury, Architect. 2nd editioti, • 

with additional euta U.M 

18, 19. ARCHITECTURE (Principlea of Dcaign in), by £. L. Oarbett, 

Architect, 2 Tola 2*. 

' 20, 21. PERSPECTIVE, by 0. Pyne, Artiat, 2 cols. 3rd edition . . 2* 

:22. BUILDING, Art of, by £ Dobaoi •'*.£. 2nd edition . . . . la. 

. 23, 24. BRICK-MAKING, TILE-M \ RING, &r , Art of, by the aame, 2 

Tols 2». 

25, 26. MASONRY AND 8T0XE-f UTTIN(?, Art of, by the aame, with 

illustratioiia ... 2a 

27, 28. PAINTING, Art of, or a GRAMMAR OF COLOURING, by George 

Field, 2 voIb. 2nd edition ........ 2f. 

29. DRAINING DISTRICTS AND LANDS, Art of, by G. D. Dempsey, 

G. E. 2nd edition . . . . 

30. DRAINING AND SEWAGE OF TOWNS AND BUILDINGS, Art 

of, by Ibe emiic. 2ad edition la. 6tf 

81. WELL-SINKING AND BORING, Art of, by 0. R. BurneU, C. E. 

2nd edition • . 1 « 

32. USE OF INSTRUMENTS, Art of the, by J. F. Heather, M, A. 3rd 

edition . , . 1\ 

38, CONSTRUCTING CRANES, Art of, by J. Gl}Tin, F.K.S,, C.K. 2nd 

edition Is 

34. STEAM ENtilNE, Treatise on the, by Dr. Lardner. 6th edition , 1« 
a'85. BI.AST1NG ROCKS AND QU.VRRHNG, AND ON STONE, Art of, 

by liieut.-Geti. Sir J. Biirgoine, U.C.B., R.E. 2nd edition . . la 

36, 37, 38, 39. DICTIONARY OF TFJiMS used bv Architeeta, Buildon, 
Engineers, Sun e} ur«, Artuia, Ship-builden, ^o., 4 toIs. 2nd edition 4a 

40. OLASS-STATNTNG, Art of, by Dr. M. A. Gcaaert# . . . . la 

41. PAINTING ON GLASS, Essay on, by £. 0. Fromberg ... la 

42. COTTAGE BnLDING, Treatise on. 2nd edition . . . . la 

I 43. TUBULAR AND GIRDER BRIDGES, and others. Treatiae on, more 

particularly dettcribing the Bxitannia and Conway Bridget . . la 
I 44, FOUNDATIONS, 4bc., Treatiae on, by £. Dobson, C.E. • . . li 

1 46. LIMES, CEMENTS, MORTARS, CONCRETE. MASTICS. &c., 

V Trt*atiBo on, by G. R. BurneU, C.E. 2nd edition . . . .la 

I 46. COXSTRirCTING AND REPAIRING COMMON ROADS, Treatise 

on the Art of, by H. Law. C.E. 2nd edition la 

47,46,49. CONSTRUCTION AND ILLUMIN.ATION OP LIGHTHOUSES, 

Treatise on the, by Alan StcTenson, C.E., 3 tola 3i 

gSO. LAW OF CONTRACTS FOR WORKS AND SERVICES, Treatiae . 
F on the. by l>a^id Gibbons. 2nd eHtion ll 



KCSIMENTAItY 8B&IB6. 6 


ol, 62, 63. Naval Aitcmi'LCTUJlCK, l^miciplM of the ScienoB. IVeeflM 
^ on, by J. Peeke, N.A., 3 toli Si. 


63*. LATINQ OFF SHIPS, being an Introduction to the Hould lioft of 

Ship-Building, by Jameft Peeke le. M. 

33**. THK LAKOfi UUTLINK ILLUSTJtATlONS OF PITTO . . If. 


54. MASTING, MAST-MAKING, AND DIGGING OF SHIPS, TreetiM 

on. by K. Kipping, N A. o I#. M, 

54*. IKON SHIP BUILDING, by J. GmnUiein, C.K; . . . . 2e. 6d, 

55, 60. NAVIGATION, TreaUiw on THE SAl DOE’S SKA-BOOK.— 

Hovr to keep the Jjog and work it off— latitude and Longitude — 

Greet Circle Sailing— liow of StomiK and Vanablo Winda ; and an 
explanation of ‘J'enuc u*tod, with coloured lUuatrationa of Flage, 

^ *2 vole. 2nd ediGon 2f. 

57, 53. WAitMING AND VENTILATION, Trcatwe on the Pnneiplea of 

the Art of, b) Charleii 1 umlinHoo, 2 vole 2*. 

59. STEAM BOILERS, Trentiae on, by E. Armstrong, (\ E. . . , !«• 

bO,Gl. LAND AND ENGINEERING SURVEYING, Tn'atise on, by T. 

Baker, C. E , 2 >ols. ... ..... 2#. • 

<62. RAILV^AT DETAILS, Introductory Sketches of, by Sir M.Btephonaon, 


62*. RAILWAY WORKING IK GREAT BRI’rAIN, Rudimentary 
Treatise on ; niuueroin) Stalietical JIcIhiIh, Table of Capital and Divi- 
dends, form of Revenue Aeoouni, Railatty Clc*aniig-houM>, Ac , &c.: 
by £. D. Chattaway, Vol. U It. . 

03, r.4, 65. AGRICULTURAL BUILDINGS, Treatise on the Construclion 
of, on Motne I’ower, and the Machinery of the blued ing, and on 
Agnculturiil Muchiiiur} , by G. Jl. Andrews, 3 voU. . . 3t* 

t)6. CLAY LANDS it LOAMY SOILS, Tn-atiso on, by ProLDonaldion, A.E. U. 

o7, 63. CLOCK AND WATCH-MAKING, AND ON CHURCH CLOCKS, 

'J'reatise on, by E. B. Dmifioii, M.A , 2 vols. ..... 2r. 

69, 70. MUSIC, Practical Troutise on, by C. C. Spencer, 2 vols. 2nd edit. 2ff. 

71. PIANO- FORTE, Instnicuon for Playing the, by the same. . . Is. 

72, 73, 74, 75. RECENT FO.^SJI. SUEJ.LS, Treatiso (A Manual of the 

Mollusca) on, by Samuel P. Woodward, itnd lilustraiionH, 4 lols. . 4s. 

75*. RECENT AND FObSlL SHELLS, Treatise on, by B. P. Woodward, 
Supplementary Volume, with Plates Is. 

76. 77. DESCRIPTIVE OEO.MKTRY, Tmutise on, by J. F. Heather, 
M.A.,2\oU 

77*. ECONOMY OF FUEL, Treatise on, and on Rcverbenitoiy Fumao<»s for 

the Manufacture of iron and Steam Boilers, by I S. i'’iide»).c, Esq. Is.... 

78. 79. STEAM AS APPLIED TO GENERAL PURI'ObKS AND LOCO- 
MOTIVE ENGINES, Treatiw on, by J. Sewell, C. E., 2 \«ls. . 2s. 

78*. LOCOMOTIVE ENGINE, Trcatiio on, by G D, DcmjM'ey, C.E. Is. 6d, 

79*. ATLAS OF PLATES to the aboNC. e«»n8iiUng of i xintiug Examples of 

Kn gmfiafor the Broad and Narrow Gauge. thuLink Motion, Ar ,iii4to. 4t.6ff. 

79**. RUDIMENTARY W’ORK ON PHOTOGRAPHY, the Art of Pro- • 
duoing Photographic Pictures «.u any inaterul and in any (olour, 
and also Tables of the CoiupoHiiion and Proi»oiln*s oi the Chemical 
Substances , by Dr. 11. H.ilieur, ol Berlin Is.* 

SO 81. MARINE PINGINES, AND O.N THE .SCREW, Ac., Treatise on, 

* by R- Murray, C. E., 2 lola. 3rd edition .... 2i. 64> 

viiO* 81*. EMBANKING FBOM I'UE 8£A, 'Du! l>rwtice tf, 

’ by John Wiwm., K-G-B., a ToU. **. 

82 83». POWER OF WATER, AS APPUER TO FLOUR MILLS, 

^ to;,, Treatise on the, by Joseph Glynn, 1* .R.8., C.K. . . . 
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BUDIMBNTARY SKRIES. 


/ 83 U0OK-KEFj}*LNG, Troatj«M< on, by Jainen Hdddon, M.A., 2ud edition. U ^ 
82**, 83*, K3 (A»j») C()AI. OAS, Pr.iptn.il Troatiw on tho MunufActuro ' 
and Dmtnbutton of, b) Samupl Hu^Iuh. C K., 3 rolb. . . . 3«. 

^ SJ*»*. WATKlt VVOUKS POK THE St'PPLY (»F CFTIBS AND 
TOWNS, Trottlmo on, \Mth Dc^pnjitioii of W'oik-. nrUioh liecn 
BxwuU d, and on Punipni ‘5 fiom WfUs*, by Samuol F U.S., 

C E , trcblp \oluuip . . .• *. 3* 

83* * CONSTfil’f'I’lOX OF LOOKS. Trc.itii-o on tliL, \tilh illustnitionft I#. (W. 
SD('jui). PKLM IPl.KS OV 1 IfF. FORMS OF SHIPS AXX) BOATS, 

bv W. Bltiiul, 2ud Lditi* n lx 

81 ARITIIMIITIC, ElmienUrj Tip. Um' on. tin- Th(*on,BnJ nuTuerom 
K\iin]>U‘' loi Piaitin*, and fm Si ll-Fx "iiiii .turn, by Piuf, J. IL 
Voiin]* If. 

8*1*. KEY to thp ttbo\c, b\ tlic Biiwe 1#. Cm/. 

aj, KQU\T10X \L AUilUMKTJC Qiip^ilion** of IiitereMt, Anuuitica, 

and (b'lipt.il romnion p, bj W. 2nd oibriou . . .If. 

bfi*. SupploDu nt.u V Yol to tin aborr mt.iinitiu '1 uMt>« for the r.ib'ubi- 
** turn of Sinipb* Inb-ipt^t, togit* w'lth l.o»intbuii for Compound i 
Jfifcpn «t .ind Annuitip', A , A« . bj W'. Hjp-I<T . . . If. 

Sd, o7. A L( I KURA, Idomonl^ of, i>i tbo u.i of Soliools and Stlf- 

luatrui'tton, bv Juiit h ILiddon, M.A , 2 %ob 2f 

8(j*, h7*. KLJ'M KNTS OF A1 itKRR.i. K«'v' to th« , h\ Prof. Young . If. f>/. 

SO. lillOMKTUl, Piinupbn of, b\ I.u\v, C.IC . 2 voU, . . 2f. 

l>0 CKOMK'rKY, VN.VLVric \L, bv J.uni < Uuun 1#. 

.01,02. Pl.llN .\M> SPIIUUCVl/TKIvJOXOMETRY.l'icatiaPfton.by 

tho Haino, 2 \ ol.H 2f. 

93. MKNSFKATIOX, Elenuiiti and Prm'tno of, by T Bakir, CE. . • If. 

' 94, i/A. L(Kt AKITIIMS, TivatHP on, and 'r*bb’ f'*r faPihl.itiui? Nautioal, 
Triaouoiui'trji'il, and J.ogjinlbimt Cibuldioii'., by 11 ]a'.v,C.K., 

2\olf 2f 

Ou. POPCJ.AR ASTRtlNCMY, JUfiuont.nv Tmiii^c on, by the Bov. 

Bi>bort M.an, M R A ' If 

07. ST.VTJfS \M) DYNAMICS, Principba and Prartirr of, by T. 

BaW, (Ml It. < 

,98,98*. MKCHVMSM A.ND PRUH'KWL CONSrilCCnON OF MA- 

CIIINKS, Vdi-mpul^ of, K Ibc s’lnio, 2 ^ol**. lu 1 , . . . 2 t. 

90,100. NAUTICAL ASrRONtfMY AND NAM<* \ Ploy, Tlioorv and 

J'laptU’o of, b\ Prof. 1 ouug. 2 vol> in 1 . ( 1' \ BiiKS addittonul. If, GJ.) 2s, 
f 101. DIFFERENTIAL CALCCLCS, b> W. S. B. Wi.olhou-H‘, F.R.A.8. If. 
/lOl*. WFUilirS AND MKVSURES OF AI.L NATIONS; romprb.mjr 
fiiU nifonnaiiiin of DL.taiuoh, WViphU, Coins,, ami Uif \Arwnei 
ihMfionH oC 'Luiu', on BaU'b of Lxihango, 4cc., by W. S. B. 

AVoulhouno, F U. \.S If. <W. 

^ 102. INTEGRAL CALCClirS, b\ Iloracisliam Cox, ALA. , . .If. 

103^ INTEGILVL CALCULUS, CoUertitm of Example? of tho, by James 

Huiiu If. 

104. DIFFERENTIAL CALCULUS, ColkiUon of Kxuwplw. of the, by 

J, Jladdon, MV If. 

lO:. ALUKRRA, CEOMICTBY, AND TBlGONOMLlTn*, First Mnemoni- 
ciil Le<K5im? ui, by Ihr Kcv. Thomati Prujiiigton Kirknuiu, M.A. If. 

IOC. sinrs* anchors fob all services, Rndimontary and Com- 

0 prulioiMi\c, b\ Uoorjrt' CotsK'il, upvard<i of lOl) illustrationsi . If. 6i/. 
107. METKOPOUl'AN BCILDINOS ACT, passed August, im, with 

Notes 2t. &/. 



BlTDIKBIjfTASr S^BS. 


^ MASAerntBHT ACT. pi««4 Auput, 

» witli Notflfp and with the Amended Art of 19 ft 20 \irt 1» 

109. UMn’p UAWUTT AKB PABTNKRSHIP ACT. puml Aufturt, 
lb65, tof^other vith the required referenoea to the Arte of Victoria . 
no. FIVE RECBKT l^ISUTIVJS BNACTIIKNTS. for Conlnutor., 
Merchants, and Tradiwnen 


W. 

ho 


THK NUISANCES KEMOfAL AND DISEASES PEEVENllON 
ACI 


ho 


112. ^yWESTIC KBDICINK , or complete and eomprebenRive In«tnir- 
tion* for Self- Aid, by M. Kwpail, traiuUW for de uw of the Driliali 

. • 


113. USE W FIFaLD AKTILLKRV ON 8KKV1CE, by Uapl Taubort, 

tranalatod by Captn. H. H. Maxwell h. 6<fo 


SUrri.BytENTARY VOLUMES of tht Jtui%metiiary Struts VubUahid 
atid Vrtpixmu^ for FuMtoaUm^for th$ y4ar$ 186H «md ISoSO — 

IH. BUDIMENTARY TREATfSK OF MACHINERY ITir Machine in 
iti KtemrnU, Prartioe, and Purpoae, by Oliaii. 1). Ab«‘l, C.K , wood- 

culi* h. W. 

116. BUDIMENTARY TBEAnSE OF MACHINERY, Atlnn of Phtet 
to ditto, of several kinda of Maihinee, drawn to icalr for pr.ulii ul 
appLuation, 14 platea larfre 4to. . . , . . . 4ir. (hf. 

116. BUDIMENTARY TREATISE ON ACOUSTICS Tlu* Elcmrnt«s 

Frit til e, and Duitnbiitiou of S^iund ui Fublir and i^ri\aLe Hiaidm^, 
by 0. R. Burnell, Anht. and C K h. 

117. BUDIMENTARY TREATISE ON THE PRACTICE IN CANAL 

AND RIVER NAnOATION, by 0. R, Bumoll, C.K, with 
nuTOeroiH wood-cute , ..... . . h. 6d. 

US. RUDIMENTARY SRETCH OF THE CIVIL BNGINEERTNO OF 
NORTH 4 M ERICA, by Dmd Sterenaon, of Edinburgh, C.E., with 
FUte«, Vol. 1. 2nd edition . • . . . . . h. 6d. 

no. Ditto, ditto, Yol. U h.Cu 

120. RUDIMENTiART TREATISE ON HYDRAULICS, b> 0. R. 

Burnell, C.K h. W. 

121. RUDIMENTARY TREATISE ON RIVER ENGlNEERlNa, by 

Q. R. Burnell, C.E if. 6d. 

122. RUDIMENTARY TREATISE ON FLUIDS, by O. R. BnraVll, C.E. h. 

123. RUDIMENTARY TREATISE ON CARPENTRY AND JOINERY, 

edited by E. L. Qvbett, Archt, with wood-cute . . • h. 6d, 

124. RUDIMENTARY TREATISE ON ROOFS FOR PUBLIC AND 

PRIVATE BUILDINGS, by £. L. Qarbett, Archt., with platcH . h. 6d. 

125. RUDIMENTARY TREATISE ON THE OOXBUSTION OP COAL 

AND THE PREVENTION OP 6MOO, Chemically and Practicfilly. 
Considered, by Chaa. Wye Wmiaiaa« with numrrouH 

wood-ftute. 3ra edition • * h. Gif. 

12.6*. Ill ujitrationa to ditto • • U, ltd, 

*«* The abore Bapplementarr Volnmae are of an important chanu'ter, and add 
conaidcrabW to the uaeftilMei of an already admitted and moat valuable aenea 
of terhnical works : the eatabliahed lepotation of which, and the exteuife eile 
in all parte of the world, has pren a cheering result of a long and Ubwrioua 
tuk, and on which a Tory large oapital has been expended. 



MR. WEALE’S 

SEW SERIES OF EDOCATIONAl WORKS 


I « If. 

CONSTITUTION AT. illSTOIlY OF ENGLAND. 2 VoU. By 

W. D llAMiLroii. 2i. 

111., IT. 

CONSTITUTIONAL HISTORY OP ENGLAND DOWN TQ 

VICTORIA liy W D. Hamilteiii. 2«. 

*■ T. 

OUTLTNFi? OF THE HISTORY OF GREECR By E. LKviE!f, 

MA Vol I. U 

T 

OUTLINES OF THE HTSTIUIY OP GREECE, VOL. II, 

TO m nCCOMlNO A ROMAN rROVINCB. By E. Lrv ikk. M A. U 
▼n 

OUTLINE HISTORY OF ROME. By E. Leviex, M.A. VoL L 

li. 

VIII. 

OUTLINE HISTORY OF ROME, VOL. II., TO THE 

PECIJNE By £ LxviRli. Ij. M. 

IX., X. 

A CHRONOLOGY OF CIVIL AND ECCLESIASTIC A L 

HISTORV, IITKR\TURK. Alif. AND CIVILISATION, PROM IRE 
EARLIEST PHUUD TO IbW. 2 Vola, 2# (d. 

XI. 

GRAMMAR OF THE ENGLISH LANGUAGE, FOR USE 

IN SCHOOLS AND FOR PRIVATE INhrUUtTION By IIkdkCiamkk. 
D.C.L. liL 

XU,, XIII 

DICTIONARY OF THE ENGLISH LAXGUAGFa A New 

Ukd Couitm snoil Dietionaiy of the EnfrlibU Toiifpio n» Sjioknn xiul Wnttou. iU'> 
eluding uVi\o JflO,UOO Wui^ or (i0,00n iiiore Utt*. lu luy Exinting Work, %nd 
Including 10,000 Additional Moauinga uf <>ld Wuida By ill i>k Clarxi., D.C.L. 
• Volxiul. Si. 0^ 

XIV. 

GRAMMAR OF THE GREEIv LANGUAGE. By H. G 

Hxmii.tov. 1«. 

XV„ XII 

DICTIONARY OF THE GREEK AND ENGLISH LAN- 

^OUAQB. By H. K. Eaxiltok. S VoU. ml. S«. 

xvn., XYiii. 

DICTIONARY OF THE ENGLISH AND GREEK LAN- 

GUAGES. By 11 B. Bamixtok. S VoU. ini. Sa. 

SIX. 

(IXAMMAB OF THE LATIK LANGtTAOX B|]r T. Gooownr, 

of Oreenwloh. lx 

XX.. XXI. 

DICTIONARY OF THE IJITIN AND ENGLISH LAN- 

OC A<UtS, bx T. Ouoiwai of Otwuwteh. VoL 1. 3*. 



NEW SERIES OF U>1 1 AHuNAL \\n\Ul% 
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XTtI , XXIII 

^ DICTION \11Y OF Tin: ENGLISH AND LVllN LAN- 

7 (abAGI'S HyT flonDwm ftfitinniLh \ul II It kJ 


GRAMAUUOFTnE FIIENC II LANGUAGE. B> Du .sriuuM, 

UU) r I ( tun r nt Ilf ^ ih^ou 1* 

• x\\ 

DICTION AUY OF Tfin FREVOII AND ENGLISH LAN- 

i-fL \(»I Jy V Lfwi>. \ul I U • 

XXVI 

DICTION \RY OF THE ENGLISH AND FRENCH LAN- 

• •blA<*I‘a ViLII lit tWf 

GRAMMAR OF THE ITALIAN iIUnOIIAGE By A. Elwm,U 

T\«lll \ X 

t DICTION' AH V OF TUB 1 1 ALIAN, EN(J).iaiI, AND FRENCH 

1 wtil I S Jly 1 IlttiW \ I I t 
\\X X\Xf 

DICTION vuY or Tin: eni.lisil Italian, and french 

1 ^N(.l \(t \ s IJj V ll A N \ II t 
N\x t V XM 

DICTTONVnV OFIHE EREVl 11, ITALIAN, ANDENOLISH 

I VNOL \lilS I K I MM \ 1 III 

GKAMMVR OF THE SIMMSIl L^NGCAGE By A- 

1 I AIS It 

dictionary of Till M*AM''I1 AND PAI.LI'.U LAN- 

(iL \ltlS llj \ I'lwt'* \ I » 


DICTION \R\ Oh THE LNGUhil AND BIMNISH liAN- 

OUAOIS ll> \ liHM \t II 2* 

XXXIX 

GRAMMAR OF THE GERMAN LANGUAGE. By Di. 

STflAtSS. ll 

XI 

CI^VSMC’AL GERMAN READER, FROM THE BEST 

ALTIJOIW Iji 

XU. XI Tl, XLin 

DICTIONARIES OF THE ENGLISH, CaEUMAN AND 

PUt.NCJJ LASGUAGIS Ily N h HAMILTON li » 

XIIX XIV 

DICTIONARY OF THE HEBREW AND ENGLISH, AND 

FNOl ISH AVD HFBREWT iVOUAOBH.rovTAivivo aii tux Dihuoal An 
Babbisicai Woem S VoS (togvtlMr with tha Grammar, vlueh my \t% ImmI 
■eparaUly for l« ) By Di. BmaMLAO, Robrew ProlMagr, lOr. 
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SERIES OF EDUCATIONAL WORKS 

ALL ON 8\11 IN rWO LfNDS OF BINDIKO. 
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AW m tkt want of PublieoHoTif 


GREEK AND LATIN CLASSICS. 


FBIOI OHM BEILLDia PIR YOLUXE. 

Ezcc]jt In IniUniwi, uul thtm nra at It. (Id. or Si. each 

YiaT aiATLT PUaTID OV GOOD FAVaa, 

A SERIES OF VOLUMES 

otarrAUiiM ma 

' PRINCIPAL GREEK ANl) IJLTIN AUTHORS, 

joooiirAinaD bt 

BmANATORY NOTES IN KNGLtSII, PRINCJIPALLY FKf JCriKD PROM 
THE BRST AND MOST RKCKNT GERMAN 00MMKNTAT0K8, 

AMD CKMiriUfllNU 

All thoRQ Works that aro easeotial for tlio Rcliolor and Iho Pupil, and 
aoplic»ibU) ft»r nee at the Unifonutios of Oxford, Oimbrid^ro, bildmWgti, 
OUnf^ow, Almrdwn, and Dublin, — ^tbo Oollcm at Cork, Qalway, 

\Vmcl)CHt«r, aud Eton, and tho gn^it ScUoiUh at Harro^^, Ao.^- 

olao for rrivnto Tuition and Inatruction, and for ilie Jiilonry. 

Vol-ii. 1,2,:^, i, 5, 6, 7, 8, 9, 18, 17 of tlio Latin Sories hav e appoared 
Of the Oivfk Si^riea, yob. 1, 2, 3, 4, 5, 8, 9, 18, 41 also have beeii 
;<uhliAlu'd, n id will bo regularly oontiuued. 


LATIN SERIES. 

\ A N'v LATIN DETaFCTTUB, oalirraomTCTaRV ChAiwirAi nRADKii, c )n«ittln|f of 
i vtni'tH (Vom the beet Authon, ■jitbnmtiuAlly arnutfrid ; a<.c*fiii|tau{od by 
O' i ’ itniu'iil end ExpieiiAtoiy Nuiee aud Coidoue Vuf uLulanue 
2 eXSAf:*' inMMRNTAKfRH ON THE GALLIC WAR. wiUi GntDioiaticai 
ufut Rvfia'iutiiry Notee In English, and a coiuplete Oeogra|>Uical Index. 

COR Vl.l .1 US b EPOS ; with English Rotes, Ac. 

4 VIRGII Tmf OBoaQicn, OnouuoRb AMD Dovarmi. Works; with EugUsli N<ites, 

I j •’y li'iTii IhoOonuan. 

VIUOll ^ J.NKt I) (on the same plan as (ha preeeding) 

^ lloR Vi *< Onxs AMI EroDxe; with Englisli Nbies, on Anei^sii of oar h Odsv 
Mi I .i fiili oxi'Unation of iho metres. ^ 

7. HORACE Satiium AMD ErtSTUN, with English Notes, Ae 
8 BAT T.rsT ('oxBPiEAcr or CAfiuMar amd JuooaTam War. 

a lERKViJi: AmDRIA AMD nRAUTOMTtKOanMrMOa 
10 1 ERENCE. rRORMIO, ADILPHl, AVD HUCTRA. 

XL CICKRO OKAnons' AOAOwr OAmiva, for Rlu.a, tun AtuLHuo, skd son 
Tiis Eamuam Law. 



]l! QREEK: and LATIN CLASSICS. 

11. CICERO. First ard Hvrow PHiumct ; Oratiorb won Milo, for Marcslm^ 

AMD FOR lilOARlOtl. 

IS. ClCBllO Ds OrrtriiB. 

U. CICERO. Dr AukttiI, dr Sricrctotb, akd Drvtlbl 

lA. JUVENAL AND PEKHIUH 

10. LIVT. Dooks I to V., lu *i parti. 

17. LIVT. BoukflXXI ftudXXri 

M TAC1TUH. Aoni oi.a ; Orumamia ; and Aniiau, ILM>k I. 

IF. sF.LBcyrioxa fiio-m TinuLLua, ovid, pRormnus, and lucbetidbl 
‘ iO. aELErnONti from buktonius, and tub later LATIN WAXTEBS. 


GREEK 

1. INTRODUCTORY QREBK 
READKlt On fho plan m 
th« IjifciiJ KoMlor. 

% XENOPHON AHAiiAHiii. I , II . til. 
i. XENOPHON. Amauasih, IV , V, 

VI. VII 

1. LUCIAN. Sri.BOT Dulooobb. 

0. HOMER. Iiun. I VI. 

A HOMER. liJAD, VII. to XII. 

T. HOMER. Iliad, XIII to XVm. 

S. HOMER ILIAD, XIX. to XXIV. 

H. IIOMKR. Ouia.s«, I. to VI. 
to. ilOMKR. Ol»TMt«KY, VII to Xri. 

11. IIOMRR. 0UYM.BY.X1II. to XVIll. 
U. HOMER. OoYuflKY, XIX. toXXIV.; 

AMD UYMNH. 

M. PIiATO. Apoixhit, CriWi aitd 
PUACDD 

14. HRROIHITUH. 1 , II. 

15. HSRODUTUa. 111., IV. 

10, HERODOTUS, V., VI , and port of 

VII. 

17, HIKODOTUM Rttnaalndor of VII , 

VIII. . and IX 

lA BOPUOCLES. ISuiPua Rkx 
10. BOPHOCLRS. (Bdipus CoLOMBVB. 
to. SOPHOCLES. AMnooMK 
IL BOPHOCLSa Aiaz. 

ML SOPHOCLES. pBiLoornra. 


SERIES. 

] 23. EURIPIDES. Uscvba. 

21. EI'RIPIDKH. Mkuba. 

2*. KUUIPIDEd Hiri<oLrTVB. 
r EURIPIDES. AirKbTiiL 
ELUIPIDES. OlLBBTKB. • 

N KrUlPJDLS Extra(tii FttOM tub 
lOMAIMMn Pr.AVB. 

29. StHMlOCLES. Extbactb rium tii* 
Rimaimmo Pla^b. 

.to AM:ilYir.S. PilOMBTRBUBVlht*n;B. 
;‘l. ASCHYirs Pbiual 
32 .4:sCIIYLi;.S Srptlm (JOMTIIA Tii»- 

IvAS 

.t3 .r.^CHYLUH CiioSpuoiiAt. 

.>1 .laCliYLl'S EUMLNIDBlt. 

.T-.<CH\LVt Aoaksmxdm. 

3« J’SCHYLl'S bvpput n. 

37 Plil'T \UCH SBLBcr Liyib 

38 AKI.SrOPHANES. Cloctm. 

39. AUiaTOPHANES Fmmb. 

40. ARISTOriIANI<:8 SsLacnoMBPiMMi 

THK RfOlAlMlNO COMIDIMB. 

41. THUCYDIDES, I. 

42. TIIDCVDIDES. II. 

43. THEOCRITUS, BsuktIdyli. 

44. PINDAR. 

4ft. ISOCRATES. 

46. HEBIOa 


Prep ar ing for PubtircUitm, 

ORATORY AND PUBLIC SPEAKING. 

A FIRST BOOK for VouUiB of Tod Tours of A a of woll seleotod Besdinipi, and fi<r 
Praotieo In Omtory and the loculcalu^n of Elocutirm ; Bdaptod fivr RodtaUmis and 
OMture, and the Improvomont of Voice and lYunniidation. To bo used In Sohoda 
and fbr Home InstmitloD, , 

SBCOND BOOK foi Youth of Ftltemi Tears of Ags and upwards. Rsodinn 
ftioaklng, ProDuncUUoD, and Elocutiou, fur Public and Privata Boboohi^ ondfcr 
Mono Ptnotloai 

THIRD BOOK far Tonag Mon. fur Public Speaking, LsgisUtiYA, Logil, Ae., Rodte* 
tiooB in Schools and CoUeges, aolectsd from the best Qreek, IaUs. and Ei^Noh 
Aathoro. 



JTii one Volume large 8ro., wtih 13 P2alfj, Price One Ownca^ 
in haif-morocco bindings 


MATHEMATICS 

FOR 

PRACTICAL MEN: 

DEIRO 

A COMMON-PLACE BOOK 

or 

PURE AND MIXED MATHEMATICS, 

WIQNKD ClilEPLY Fv»R TUB U^K OV 

CIVIL EllblNEEIUJ. ARCHITECTS, AND SURVEYORS. 


BY OLINTHUS GREGORY, LL.D., F.R.A.S 


THIRD EDITION, REVISED AND ENLARGED. 

BY HENRY 'LAW, 


aril, DGumsiL 
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(t ''ulgar Fractioni.— lleiluctiou of Vul- 
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trartion of Vulgar Fractione- Mnl* 
tiphcAtion and JUiviiion of Vulgar, 
Fractioni | 
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1C. Properties of Nunbera. 

CHAPTER IL-AtaxL'a 
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2. Addition and Subtraetflh. 
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11. Progression. — Arithmetical Progrvt* 

slon — Geometrical Progression 
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13. Logarithms. 
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1 Definitions. 
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2. ProMrtiei of the EIlipM.^Probleiuf . 1. Definition!. 

reUting to the Elhpie. 2. The Conchoid. 
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Pendulumi. — Center of Ojramn, 
and the Principle! of Rotation. — 
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i. PfixtiiMon or CoUifton of Bodie! In 
notion I 

5. Oe the Mfchanieal Fovm — Leten. } 
— Wheel and Axle.— Pulley.— In I 
cliBfd Plane.— Wedge and Sww. ) 
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1. fieiierul Definitions. 

M. i*reMurr and Bquilibnum of Non* 
idaitic Fluidi. 

3 Plfiat'Ow' Hod. re. 

4 f p vifii* hiant.oe. 

5. Du C.i; iilary AttnirUuh. 

CIIAPTIIU Y.— llmoMKAirici, 

3 Metii'T) and EfRiienre of Liquidf, 

2. Motion of VfnUr in Conduit Fipei 

ai-d Dj»ei» (kiiiA^ nrer Weirs, Ac.— 
Velocities of Rivers, 

3. tloiitri|pcM to Measure the Velocity 
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CIIAPTKU VI. -PaficKATtog. 

3. V/rigbk and Kqu.libnum of Air and 

iJhStIC Fllljiis 

2. Machine! ri>r Kaiting Water by the 
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rnAPTRR VII.— AasRii 

1. Water ai aMeehs ual Agent. 
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3. Methaiiicol Agents dependiig apaii 
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--Th<*ory of the Steam Mngiiie.— 
Descnptwn of the lariena hui^ of 
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Engine!, ud the Fomnla for cnleti- 
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applied. 
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3. Elaaticity and Elongation of Bodied 

iulqected to a Criuhiug or Tenule 
Strain. 

4. On the Strength of Material! lobjecte 

to a Tranaverie Strain. — Longi 
itodiiial form of Beam of uniform 
Strength. — Tranirerae SfUngiH of 
other Material! than Cut Iron,— 
The Strength of Beam! according to 
tho manner in which the Load ii 
dittributed. 

5. Eiutieity of Bodiei aiibjected to «i 

Traniverie Strain. 

6. Strength of Material! to rtii!t Toraioi. 


APPENDIX 

I. Table of Logarithmic BifTerencei. 

II. Table of Logarithm! of Numbert, fbm 1 to 100. 
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IV Table of Logarithmic Sinei, TangenU, Secanta, Ac. 
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('atenary. 
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X. Table of Specific GraTitiei. 
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In ISmo., in tioards, comprising 390 pages, price 5f* 

A SYNOPSIS OF PRACTICAL PHILOSOPHY, 

alphabetically arranged, containing a great Tiriety of Theorems, Formolse, 
and Tables, from the moat a<^urtte and recent authonties in Yinom hraoeliei 
of Mathoiuutics and Natural Philosophy: with Tables of Logarithms. 

By thb Rev. JOHN CARR, M.A., late Fellow of Trinity CoUige, Cambridge* 


JoAii Weak^i Caialogtu qf Ate Pubtieaiiomt qf fTorite on jirchU^hirtf 
ChH, Mecknkatf AfiA/ary, and NovtU JSh^ineerffiy, grafit; ^fypoit, lit 



HINTS 

TO 

YOUNG ARCHITECTS: 

ooMruoiHa • 

ADVICE rO THOSE WHO, WHILE Tfl AT SCHOOL ABE DXSTIHED 
TO THE PEOFESSION; 

•SHCH AS, HATIHO PVSSEO THEIB PUWLACE, ARB ABOUT TO TRAVEL 

AND TO THOSE WHO. HAVISO COHPIXTPI) THEril KDUCATIOS, 

M!K ABOIT TO PBAaiSH. 

ToaertiKk wnu 

• A MODEL SPECIFICATION: 

I.WOLVLNG A GREAT VAIIIETV OP IN0TRUCT1TE AND SUGGESTIVE MATTER 
CiriCULATED 10 FACIUTATB TliElU PUACTJCAL OPERATIONS; 

AND TO DIRECT THEM IN llIKItt CONDUCT, AS TUB RESPONSIBLE 
AGENTS OP TUEItt EMPLrfVERH, 

and AS TUB RIGHTFUL JUDGES OP A C0NTIiACT0R*B DUTY. 

By GEORGE WIGUTWK’K, AucinrEcx. 


Proliminary Hints to Young Airhi- 
toctii on tJie Kdo>» ledge of 
^ Drawing. 

On Serving his Time, 

On Travelling. 

His Plato on the Door. 

Orders, Plati«drawing. 

On Ills Tnstr, Study of lutv i ion. 
Interior Arrangements. 

Warming and Ventilating 
1 louse Building, Siabliiig, 

Cottages and ViUaa 
Model SpecificaUan : — 

General Clauses. 

Foundations. 

Well. 

% Artifidal Foundations. 
Brickwork. 

Robbie Masoni^ with Brick 
ftingled. 


Model Specification : 

Stoiie-eutting. 

Grecian or Italian only. 
— — , Gothic only. 
MisceJIaneoua 
Slating, 

Tiling. 

Plaster and Cement work. 
Carpcntv'ps’ Work. 

Joiners’ Work. 

Iroii^nd Metal work. 

Plumbers* Work. 
l)rsiria.;e. 

WeJI-4hggiiig. 

Artificial Levels, Concreie, 
Foundations, Piling sad 
Planking, Paving, Vaulting, 
Bell luingisg, Plumbing, Sad 
Building gnierally. 



Itt One lATge Vdume OcUto, Eleven Hundred Fegei, with nnmerene 
Eufnrevinga, priee ll U , 


A GENERAL TEXT BOOK, 

e ' 

FOB THB 

OONSTANT UBK AND EBFEBENGE OE 

ABCHITECTS, ENGINEERS. SURVEYORS, SOLICITORS, . 
AUCTIONEERS, LAND AGENTS, AND STEWARDS, 

IK iu. THxiB BEVKiub Am TA]U£D ntonssio5Ai occu7Anom; 

AND Fr>B TBC 

ASSISTANCE Ax\D OUIDANGE OF 

COUNTRY GENTLEMEN AND OTHERS 


nCUAGKD IK TIfB 

TBANSFER, MANAGEMENT, OR IMrROVEMENT OF 
LANDED rROrERTY; 

CONTAiSfIBO 

THEOREMS, FORMULA, RULES, AND TABLES 
m nwmtKf, nsHburiATioK, ewo THiGi)KOMFTRT ; i ahd meafupjf^ euBTiniro, 

A.VO LBVKLLINU; RAILWAY ABl* IlYlAiUrLIC ENOlHSBRIirO ; riMBBR MBAICRp 
IMO; TUB YALVATIOM OF ARTIAU rlLH’ WUhK, KRTATBH, LCABBHOLM, UrSNOLM^ 
AXinilTlBR tlLLAQCB, FARMIKU KTi><K. AND T»SA>T RIOBT ; TUB ABeBSMCVT 
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I llloahNU. 

t4 Mullioue of Wiiidt wa do 
1 35 Plan and Flotation of a PubUo houee 
ito IxeterUiUioof 
t? Country inuiuii >n 
33 Italian Deaigui. 

40 „ 

Cl Loiigltudiual Section, do 

41 Vindona, Duore. Ac do 

43 Windowa, Ac do 

44 Grand Buiroaae, do 

45 An Bloraut Italian 

( 46* Ponton Meuaer Choreb Boll Turmi 
47 Plan and South Eleraiion of do 
4S Weet Oration of do 
40 EloratlonR irtth honaontal and rertleal 
oecUona of tho Bell Turret, ou. 

50 Tmnereraeaeotionif do 










